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ABSTRACT 

Synthetic  aperture  radar  (SAR)  ocean  wave  imagery  processed, 
analyzed,  and  archived  at  the  Environmental  Research  Institute  of 
Michigan  (ERIM)  is  summarized.  This  summary  includes  a  review  of 
the  SAR  systems  used  to  collect  ocean  wave  imagery,  as  well  as  a 
brief  review  of  the  experiments  where  SAR  ocean  wave  data  was  col¬ 
lected.  The  imagery  from  these  experiments  was  manually  examined  to 
qualitatively  rate  the  detectability  of  waves  in  each  pass.  This 
information  is  summarized  in  table  form,  along  with  the  SAR  operating 
parameters  and  environmental  conditions  for  each  of  the  experiments. 
The  data  summarized  in  this  report  can  be  used  in  evaluating  current 
and  future  SAR  ocean  wave  imaging  models. 
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SUMMARY  OF  SAR  OCEAN  WAVE  DATA  ARCHIVED  AT  ERIM 

1 

INTRODUCTION 

Over  the  past  nine  years,  scientists  from  the  Environmental  Re¬ 
search  Institute  of  Michigan  (ERIM)  have  explored  the  utility  of 
synthetic  aperture  radar  (SAR)  for  oceanographic  applications.  The 
major  emphasis  of  this  work  has  been  in  evaluating  the  ability  of 
SAR  to  detect  and  accurately  measure  ocean  surface  gravity  waves. 
ERIM's  research  activities  in  this  area  have  included,  but  were  not 
limited  to:  experiment  planning,  data  collection,  data  processing, 
and  the  development  of  analysis  techniques.  The  purpose  of  this 
report  is  to  summarize  the  SAR  ocean  wave  imagery  from  these  past 
experiments  which  was  processed,  analyzed,  and  is  presently  archived 
at  ERIM. 

There  is  considerable  debate  among  the  radio  oceanography  com¬ 
munity  on  the  imaging  mechanism  for  "wave-like"  patterns  on  SAR 
imagery  of  the  ocean  surface  (Alpers,  et  al.,  1981;  Plant,  1983; 
Hasselmann,  et  al.,  1983).  Three  principal  SAR  imaging  mechanisms 
have  been  proposed  for  gravity  waves.  These  include:  tilt  modula¬ 
tion,  hydrodynamic  modulation,  and  velocity  bunching.  Tilt  modula¬ 
tion  is  due  to  the  change  in  the  local  incidence  angle  induced  by 
the  slopes  of  the  surface  waves.  Hydrodynamic  modulation  is  due  to 
the  hydrodynamic  interaction  between  the  short  Bragg  scattering  waves 
and  the  longer  gravity  waves,  which  results  in  a  nonuniform  distribu¬ 
tion  of  short  waves  with  respect  to  the  longer  gravity  waves.  Veloc¬ 
ity  bunching  is  a  consequence  of  the  mis-mapping  of  scatterers  with 
non-zero  radial  velocities,  which  is  peculiar  to  the  SAR  as  a  range- 
Doppler  imaging  device. 

Much  of  the  past  work  in  developing  a  SAR  imaging  mechanism  for 
ocean  surface  waves  has  been  solely  theoretical  (Alpers  and  Rufenach, 
1979;  Hasselmann,  et  al.,  1983).  These  studies  have  presented  elab¬ 
orate  mathematical  descriptions  of  the  SAR  imaging  process,  but  did 
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not  include  any  supporting  experimental  data.  The  experimental  ob¬ 
servations  presented  in  this  report  provide  a  basis  by  which  the 
various  imaging  theories  can  be  evaluated. 

Presented  in  the  following  sections  are  descriptions  of  the  vari¬ 
ous  experiments  where  SAR  imagery  of  ocean  waves  was  collected.  In¬ 
cluded  in  this  discussion  will  be  a  review  of  basic  SAR  theory  and  a 
description  of  the  SAR  systems  used  to  collect  wave  data.  In  addi¬ 
tion,  the  detectability  of  waves  on  the  imagery  based  on  a  manual 
interpretation  is  presented.  Also  included  as  an  Appendix  to  this 
report  are  a  series  of  reprints  which  describe  the  various  SAR  exper¬ 
iments  in  greater  detail. 
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SAR  BACKGROUND 

Presented  in  this  section  is  a  review  of  basic  SAR  theory  and  a 
description  of  the  SAR  systems  used  to  collect  the  ocean  wave  imagery 
summarized  in  this  study. 

2.1  SYNTHETIC  APERTURE  RADAR 

Synthetic  aperture  radar  (SAR)  is  a  side-looking  coherent  imaging 
radar  that  uses  the  motion  of  a  moderately  broad  physical  antenna 
beam  to  synthesize  a  very  narrow  beam,  thus  providir-  'ne  azimuthal 
( along-track )  resolution  (Brown  and  Porcello,  1961  Harger,  1970). 
Fine  range  resolution  is  obtained  by  transmittinr  hort  pulses  or 
longer  coded  pulses  which  are  compressed  into  ^  alent  short 
pulses;  usually  the  coded  pulse  is  a  waveform  lineai  iy  modulated  in 
frequency.  The  received  signals  may  be  recorded  optically  or  digi¬ 
tally.  In  the  optical  case,  the  phase  history  of  a  scattering  point 
in  the  scene  is  recorded  on  photographic  film  as  an  anamorphic 
(astigmatic)  Fresnel  zone  plate.  The  parameters  of  the  zone  plate 
are  set  in  the  azimuth  direction  by  the  Doppler  frequencies  produced 
by  the  relative  motion  between  the  sensor  and  the  scatterer,  and  in 
the  range  direction  by  the  structure  of  the  transmitted  pulses.  The 
film  image  is  a  collection  of  superimposed  zone  plates  representing 
the  collection  of  point  scatterers  in  the  scene.  This  film  is  used 
by  a  coherent  optical  processor  which  focuses  the  anamorphic  zone 
plates  into  the  points  which  produced  the  microwave  scatter  of  the 
scene  (Kozma,  et  al.,  1972).  Digital  techniques  may  also  be  used  to 
both  record  and  process  the  data.  Digital  processors  typically  use 
matched  filtering  techniques  to  compress  the  signal  in  range,  while 
fast  Fourier  transform  (FFT)  techniques  achieve  the  required  azi¬ 
muthal  compression  of  the  SAR  Doppler  history  (Ausherman,  1980). 
Specially-designed  digital  processors  have  also  been  designed  for 
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real-time  processing  of  SAR  data  aboard  the  aircraft  for  display  or 
transmission  to  a  ground  receiver  via  a  digital  downlink. 

Three  SAR  systems  were  used  to  collect  the  ocean  wave  data  pre¬ 
sented  in  this  study.  These  were:  the  ERIM  four-channel  X-  and 
L-band  system,  the  Goodyear-manufactured  APD-10  X-band  system,  and 
the  L-band  system  aboard  Seasat.  Each  of  these  SARs  is  discussed  in 
more  detail  below. 

2.1.1  ERIM  X-L  SAR 

The  ERIM  X-  and  L-band  (3.2  and  23.5  cm  wavelengths,  respec¬ 
tively)  four-channel  SAR  system  has  been  used  numerous  times  to  col¬ 
lect  ocean  wave  imagery.  For  ocean  wave  data  collection,  the  system 
operates  in  a  four-channel,  narrow  swath  mode.  In  four-channel  oper¬ 
ation,  alternate  X-  and  L-band  pulses  (chosen  to  be  either  horizon¬ 
tally  or  vertically  polarized)  are  transmitted,  and  reflections  of 
both  polarizations  received;  thus,  four  channels  of  radar  imagery 
are  simultaneously  obtained.  Both  polarizations  of  X-band  are  re¬ 
corded  on  one  film,  both  polarizations  of  L-band  on  another.  Only 
like-polarized  data  collected  by  this  system  are  summarized  in  this 
report.  The  slant  range  swath  width  for  each  channel  is  approxi¬ 
mately  5.8  km.  The  nominal  resolution  for  the  system  is  approxi¬ 
mately  3  m  for  both  slant  range  and  azimuth.  The  operating  param¬ 
eters  for  this  SAR  are  given  in  Table  1.  A  more  detailed  description 
of  this  SAR  system  is  given  by  Rawson,  et  al.  (1975). 

Up  until  1978,  this  system  was  operated  by  ERIM  from  a  C-46  air¬ 
craft  which  flew  at  a  nominal  velocity  of  80  m/s.  In  1978,  it  was 
installed  in  a  Convair  580  aircraft  owned  by  the  Canada  Centre  for 
Remote  Sensing  (CCRS).  This  SAR  system  is  now  jointly  owned  by  ERIM 
and  CCRS  and  is  collectively  known  as  the  SAR  580  system.  In  con¬ 
trast  to  the  C-46,  the  Convair  580  operates  at  a  nominal  velocity  of 
125  m/s. 
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TABLE  1 

NOMINAL  OPERATING  PARAMETERS  FOR  THE  ERIM  X-  AND  L-BAND 


X-Band 


Transmitter  Average  Power 

5  watts 

Nominal  Vehicle  Velocity 

1 10  m/sec 

Antenna  Gain 

25  dB 

Polarization  Isolation 

23  dB 

Along-Track  Beamwidth 

i.r 

Incident  Angle 

0“-60“ 

Recorded  Swath  Width 

5790  m 

Slant  Range 

Maximum  Range 

24  km 

FM  Rate 

33.3  MHz/usec 

Pulse  Width 

3  sec 

Wavelength 

0.032  m 

Range  Packing  Factor  (Q) 

196,000 

Azimuth  Packing  Factor  (P) 

14,947 

Correlator  Demagnif ication  (M) 

13.7 

CRT  Sweep  Speed  (on  film) 

765  m/sec 

PRF  (transmitter) 

3400  pps 

PRF  (receiver,  per  channel) 

1700  pps 

Azimuth  Offset  Frequency 

100  Hz 

Range  Offset  Frequency 

0 

Input  Aspect  Ratio 

13.1  to  1 

Output  Aspect  Ratio 

1:1 

Fi lm  Speed 

5.15  mm/sec 

Resolution 

3  m  Slant  Range 
3  m  Azimuth 

Laser  Wavelength  of  ERIM 

SAR  Processor 

.633  x  10~6  m 

SAR  SYSTEM 

L-Band 

25  watts 
110  m/sec 

16.5  dB 
19  dB 
V 

0’-60° 

5790  m 
Slant  Range 

24  km 

33.3  MHz/usec 

2  sec 
0.235  m 
185,465 
41,478 
4.8 

765  m/sec 
3400  pps 
1700  pps 
0 

67.7  MHz 

4.5  to  1 
1:1 

1.86  mm/sec 

3  m  Slant  Range 
3  m  Azimuth 

.633  x  10_®  m 
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2.1.2  APD-10  SAR 

Another  SAR  utilized  by  ERIM  scientists  to  collect  ocean  wave 
imagery  was  the  APD-10  system  flown  in  an  RF-4  jet.  The  APD-10  sys¬ 
tem  is  a  high-resolution  .  rborne  side-looking  SAR  which  operates  at 
X-band  (3.2  cm).  The  APD-10  has  six  modes  of  operation  which  provide 
a  variety  of  standoff  distances  and  also  provide  both  fixed  target 
imagery  ( FT  I )  or  FTI  along  with  moving  target  imagery  (MTI).  Imagery 
can  be  obtained  on  either  side  of  the  aircraft. 

For  the  ocean  wave  imagery  summarized  in  this  report,  Mode  1  was 
used  in  which  FTI  is  recorded  on  9.5-inch  film  in  four  channels. 
Each  channel  corresponds  to  a  slant  range  swath  width  of  4.6  km  with 
an  additional  0.46  km  overlap  between  adjacent  channels.  The  nominal 
resolution  of  this  system  is  approximately  3  m  for  both  slant  range 
and  azimuth.  The  operating  parameters  for  the  APD-10  system  in 
Mode  1  are  given  in  Table  2. 

2.1.3  SEASAT  SAR 

In  addition  to  the  above  two  aircraft  systems,  ocean  wave  imagery 
collected  by  the  SAR  on  the  Seasat  satellite  was  used  in  this  study. 
The  SAR  aboard  Seasat  was  an  L-band  (23.5  cm)  system  which  generated 
continuous  radar  imagery  with  a  100  km  ground  swath  width  and  lengths 
of  up  to  4000  km.  The  nominal  resolution  of  this  system  is  25  m  for 
both  ground  range  and  azimuth. 

The  data  received  by  the  Seasat  SAR  was  transmitted  to  any  of 
several  ground  stations  via  a  digital  data  link  where  it  was  stored 
on  high  density  digital  tape  (HDDT).  The  HDDT  could  then  be  played 
back  and  recorded  on  film  for  optical  processing  (Kozma,  et  a  1 . , 
1972),  or  transferred  to  a  computer  compatible  tape  (CCT)  for  digital 
processing  (Wu,  et  al.,  1981).  The  operating  parameters  for  the 
Seasat  SAR  are  given  in  Table  3.  For  a  more  detailed  discussion  on 
the  Seasat  SAR,  the  reader  is  referred  to  Jordan  (1980). 
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TABLE  2 

NOMINAL  APD-10  SAR  SYSTEM  PARAMETERS  (MODE  1) 


Vehicle  Velocity 
Along-Track  Beamwidth 
Incident  Angle 
Swath  Width 

Wavelength 
Maximum  Range 
FM  Rate 
Pulse  Width 
Polari zation 
Resolution 

Range  Packing  Factor 
Azimuth  Packing  Factor 
Correlation  Demagnification 


210  m/s 
1.5° 

0-90° 

18.5  km  Slant  Range  (4-4.63  km 
sub-swaths) 

0.032  m 
23.2  km 
105  MHz/usec 
0.95  usee 
HH 

3  m  Slant  Range 
3  m  Azimuth 

100,000 

12,500 

8:1 
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TABLE  3 

NOMINAL  OPERATING  PARAMETERS  OF  SEASAT-A 
SYNTHETIC  APERTURE  RADAR  SYSTEM 


Frequency 
Wavel  ength 
Pol ar ization 
Transmitted  Bandwidth 
Pulse  Duration 

Pulse  Time-Bandwidth  Product 
Transmitter  RF  Power 
Transmitter  Type 
PRF 

Satellite  Altitude 

Nominal  Range  (20°) 

Antenna  Dimensions 

Antenna  Beamwidth,  Elevation 

Antenna  Pointing  Angle 

Surface  Resolution 

Slant  Range  Resolution 
Azimuth  Resolution  (one  look) 

Integration  Time 

Image  Swath  Width 
Image  Length 
Sensor  Power 
Satellite  Velocity 


1274.8  MHz 

23.5  cm  (L-band) 

HH 

19  MHz 

33.8  psec 
642 

800  W  Peak  -  46  W  Average 
Solid-State  Bipolar  Transmitter 
1647 
~800  km 
~850  km 
10.7  x  2.16  m 
6  * 

19-25°  off  nadir,  right  side 

25  m  x  25  m  (4  look  data) 

8  m 

6 . 25  m 

0.5  to  2.5  sec  depending  on 
resolution 

100  km 

250  to  4000  km 

60  W,  nominal  operation 

~7000  m/sec 
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DATA  SUMMARY 

In  this  section  of  the  report,  a  detailed  summary  of  the  various 
SAR  data  sets  is  presented  in  table  form.  These  summary  tables 
should  prove  useful  in  evaluating  current  and  future  SAR  ocean  wave 
imaging  models.  In  addition  to  the  tables,  a  set  of  summary  statis¬ 
tics  is  presented. 

3.1  SUMMARY  PROCEDURE 

The  procedure  used  in  producing  the  summary  tables  presented 
below  consisted  of  examining  flight  logs  and  satellite  ephemeris  data 
to  determine  various  flight  and  radar  parameters  including: 

1.  Aircraft  pass  or  satellite  revolution, 

2.  Aircraft  or  satellite  heading, 

3.  Aircraft  or  satellite  velocity, 

4.  Aircraft  or  satellite  altitude, 

5.  Range  distance  to  near  edge  of  SAR  coverage, 

6.  Radar  wavelength, 

7.  Transmitted  polarization,  and 

8.  Received  polarization. 

In  addition,  available  surface  measurements  were  located  including: 

1.  Significant  wave  height  (H^g), 

2.  Dominant  wavelength, 

4.  Dominant  wave  direction, 

4.  Wind  speed,  and 

5.  Wind  direction. 


Finally,  the  SAR  imagery  from  each  pass  or  revolution  was  manually 
examined  to  determine  whether  waves  were  imaged.  The  detectabi 1 ity 
of  waves  at  20°,  40°,  60°  and  80°  incidence  angle  was  also  recorded. 
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An  example  summary  of  SAR  data  collected  by  Seasat  during  the 
JASIN  Experiment  is  presented  in  Table  4  .  The  0  and  -0.0  values 
represent  cases  where  the  data  did  not  exist  for  one  reason  or  an¬ 
other.  For  example,  the  Seasat  SAR  only  collected  data  from  approxi¬ 
mately  19  to  25°  incidence  angle.  This  is  reflected  in  Table  4  by 
0‘s  in  the  last  3  columns.  The  detectability  rating  in  the  last  4 
columns  is  a  qualitative  measure  based  on  the  author's  experience. 
Comparison  of  these  ratings  with  actual  quantitative  measures  of  wave 
detectability  (available  for  a  small  subset  of  the  data)  showed  close 
relative  agreement. 

Presented  in  chronological  order  below  is  a  review  of  the  various 
experiments  during  which  SAR  ocean  wave  imagery  was  collected.  An 
overview  of  these  experiments  is  presented  in  Table  5.  Over  200  in¬ 
dividual  passes  (revolutions)  of  SAR  data  were  examined  and  are  sum¬ 
marized  below. 

3.1.1  MARINELANO 

A  major  collaborative  oceanographic  experiment  was  conducted 
offshore  of  Marineland,  Florida,  in  December  1975.  The  primary  ob¬ 
jectives  of  this  experiment  were  to  determine  whether  the  proposed 
Seasat  SAR  could  detect  waves,  and  to  better  understand  the  SAR  imag¬ 
ing  mechanism  by  measuring  surface  waves  coincident  with  the  SAR 
flights.  In  addition  to  the  ERIM  X-L  SAR,  the  NASA  JPL  CV-990  L-band 
SAR  also  participated.  More  complete  descriptions  of  the  Marineland 
Experiment  are  given  elsewhere  (Shemdin,  1980;  Shuchman,  et  al., 
1977;  Shemdin,  et  al.,  1978;  and  McLeish,  et  al.,  1980). 

Multi-sided  data  collection  patterns  were  flown  by  the  ERIM  X-L 
SAR  on  the  3rd,  4th,  10th,  14th,  and  15th  of  December.  During  these 
flights,  69  passes  of  SAR  data  were  collected.  Except  for  the 
flights  on  the  4th  and  10th,  surface  wind  and  wave  measurements  by  a 
pitch-and-rol 1  buoy  were  made  coincident  with  SAR  data  collection. 
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TABLE  4 

EXAMPLE  SUMMARY  OF  SEASAT  SAR  OPERATING  PARAMETERS  AND 
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TABLE  5 

SUMMARY  OF  SAR  OCEAN  WAVE  EXPERIMENTS 


RADAR  DIVISION 


(T  \  CO  ^  Ti  T 

v£)  —  -“C  -O 


E  j 


cc 

53  x 

X 

*-> 

X  4-1 

X 

O 

<£ 

ITS 

<T3 

— 

OO 

*  x 

2: 

<y> 

21  ^ 

21 

1 

►— « 

ITS 

— .  ITS 

O 

UO  |  QC 

oc 

<D 

QC  <U 

o_ 

LU 

UJ 

oO 

UJ  oO 

UJ 

<£ 

00 

cd 


<v 

00 

r^. 

JO 

co 

r-» 

CD 

4-J  cn  lD 

r-* 

E 

D-* 

CD 

fs, 

-C  —  r-* 

CD 

a; 

CD 

CD 

CD  <T» 

r— 

r— 

r— 

■r-  <D  r— 

CL 

i- 

> —  4-» 

u 

a; 

S- 

<u 

i- 

U_  ^  i- 

a; 

oo 

a> 

JD 

a; 

o  ai 

JO 

1 

JO 

O 

JO 

JO 

o 

-*-> 

E 

4-> 

£E 

£ 

4-J 

LD 

a> 

u> 

33 

53 

o 

3 

4-) 

O 

-*-> 

u 

o 

CD 

Ql 

Cl 

a> 

o 

QJ 

20 

CO 

lO 

< 

uo 

' — 

0O 

c 

c 

<0 

03 

CD 

CD 

•o 

■r— 

c 

-C 

JO 

TJ 

o 

o 

a> 

X 

X 

X 

Z 

c 

z 

UJ 

UJ 

•r“ 

0J 

1—4 

U0 

a> 

oo 

i- 

-* 

OO 

< 

j* 

OC 

T3 

ITS 

< 

o 

03 

< 

21 

_J 

^0 

CD 

— J 

X 

12 


RADAR  DIVISION 


5p 

A  summary  of  the  ERIM  X-  and  L-band  SAR  operating  parameters  and 
environmental  conditions  are  presented  in  Table  6  for  3  December 
1975.  In  each  of  the  9  passes  where  X-band  data  was  available,  waves 
were  imaged  at  some  location  within  the  swath.  The  L-band  channel 
failed  to  image  waves  in  5  of  the  10  passes  where  data  was  available. 
Included  in  these  5,  were  4  passes  in  which  vertically  polarized 
signals  were  transmitted. 

The  ERIM  X-  and  L-band  SAR  operating  parameters  and  environmental 
conditions  for  4  December  1975  are  summarized  in  Table  7.  Surface 
wind  and  wave  measurements  were  not  performed  on  this  day.  Waves 
were  visible  in  all  10  X-band  passes  and  in  9  of  the  10  L-band 
passes.  Waves  were  not  detected  for  either  wavelength  at  60°  inci¬ 
dence  angle.  In  addition,  waves  at  20°  incidence  angle  were  only 
visible  in  2  of  the  10  L-band  passes. 

Presented  in  Table  8  is  a  summary  of  the  ERIM  X-  and  L-band  SAR 
operating  parameters  for  10  December  1975.  Surface  wind  and  wave 
measurements  are  unavailable  for  this  day.  In  each  of  the  13  passes 
studied,  the  X-band  data  imaged  waves  at  some  location  within  the 
swath.  The  L-band  data  contained  wave  images  in  only  5  of  the  13 
passes.  The  SAR  imaging  geometry  and  flight  lines  were  identical  to 
those  on  the  3rd  and  4th. 

The  ERIM  X-  and  L-band  SAR  operating  parameters  and  environmental 
conditions  for  14  December  1975  are  summarized  in  Table  9.  In  each 
of  the  16  X-band  passes,  waves  were  visible.  In  the  4  L-band  passes 
which  failed  to  produce  wave  imagery,  the  surface  waves  were  travel¬ 
ing  in  the  azimuth  direction  relative  to  the  radar  line-of-sight. 
X-  and  L-band  digitally-processed  directional  spectra  from  the  first 
8  passes  of  this  data  set  have  bee1  rigorously  compared  (Shuchman, 
et  al.,  1983).  A  copy  of  this  article  is  included  in  the  Appendix. 

The  data  presented  in  Table  10  summarize  the  ERIM  X-  and  L-band 
SAR  operating  parameters  and  environmental  conditions  for  15  December 
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TABLE  6 

SUMMARY  OF  ERIM  X-L  SAR  OPERATING  PARAMETERS  AND 
ENVIRONMENTAL  CONDITIONS  FOR  3  DECEMBER  1975 
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(O' NO  DATA;  1=YES:2'NOl 

INCIDENCE  ANGIE  (0  =  N0  DAIA;t^NOI  DETECTED;2-0ETECTED. 3 “CLEARLY  DETECTED) 

INCIDENCE  ANGLE  <0  =  NO  ')A1A.1=N0T  DETECTED.2-DETFCT10.3-CI  EARLY  DETECTED) 

INCIDENCE  ANGLE  (0“N0  DA  T  A .  t -NOT  DE  TEC  TED. 2  -  D  E  TEC  TED, 3“CL  EARl  V  DETECTED) 

INCIDENCE  ANGLE  (O’NO  DATA.  1  -  NO  T  DE I f C T E D . 2  OE T fC T t D . 3  * C l E ARI  Y  DETECTED) 


TABLE  7 
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WAVE  DETECTABILITY  AT  20°  INCIDENCE  ANGIE  (ONO  DATA. 1  NOT  DFTECTED;2=DETECTED;3-CIEARLY  DETECTED) 
WAVE  DETECTABILITY  AT  40°  INCIDENCE  ANGLE  (O-NO  DA  T  A ;  t -NO  T  OE T f C T ED ; 2=DE T EC T E O . 3 = CL E ARE Y  DETECTED) 
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WAVE  DE TFCTABII  I  TV  AT  80°  INCIDENCE  ANGLE  (O  NO  DATA.  1 -NOT  DE T E C T E D : 2  =  DE T E C T E D ; 3 - C L E ARL >  DETECTED) 
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TABLE  9 

SUMMARY  OF  ERIM  X-L  SAR  OPERATING  PARAMETERS  AND 
ENVIRONMENTAL  CONDITIONS  FOR  14  DECEMBER  1975 
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1975.  In  each  of  the  17  X-band  and  the  14  available  L-band  passes, 
waves  were  visible.  This  is  somewhat  surprising  when  compared  to 
the  14th  data  since  the  wave  height  was  smaller  and  the  wind  speeds 
were  less  on  the  15th.  One  possible  explanation  for  the  non-imaging 
of  azimuth-travling  waves  on  the  14th,  is  the  degradation  of  azimuth 
resolution  due  to  orbital  acceleration  effects.  The  larger  heights 
and  shorter  lengths  of  the  waves  on  the  14th  cause  a  greater  degrada¬ 
tion  in  azimuth  resolution  than  for  the  lower  amplitude,  longer  waves 
on  the  15th.  The  SAR  data  collected  on  the  15th  were  analyzed  in 
detail  in  a  previous  study  (Shuchman  and  Shemdin,  1983).  A  reprint 
of  this  article  is  included  in  the  Appendix. 

3.1.2  LAKE  MICHIGAN  1977 

On  6  October  1977  ,  the  ERIM  X-  and  L-band  SAR  system  collected 
two  passes  of  data  during  a  flight  over  Lake  Michigan  between 
Muskegon,  Michigan,  and  Milwaukee,  Wisconsin.  At  the  time  of  the 
flight,  surface  wind  and  wave  measurements  were  made  from  a  research 
tower  and  a  waverider  buoy  operated  by  the  National  Oceanic  and 
Atmospheric  Administration's  (NOAA's)  Great  Lakes  Environmental 
Research  Laboratory  (GLERL). 

A  summary  of  the  ERIM  X-  and  L-band  SAR  operating  parameters  and 
environmental  conditions  is  presented  in  Table  11  for  6  October  1977. 
In  both  passes,  waves  were  visible  on  both  the  X-  and  L-band  imagery. 
Due  to  the  limited  fetch  of  Lake  Michigan,  these  waves  were  wind¬ 
generated  rather  than  swell.  In  both  passes,  the  waves  were  more 
detectable  on  the  X-band  imagery  than  the  L-band  imagery.  A  more 
detailed  comparison  between  the  SAR-derived  and  surface-measured  wave 
spectra  has  been  performed  on  this  data  and  is  reported  by  Schwab, 
et  al .  (1981).  A  reprint  of  this  paper  is  included  in  the  Appendix. 
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3.1.3  JASIN 

Seasat  SAR  images  were  obtained  on  18  separate  occasions  over 
the  North  Atlantic  in  conjunction  with  the  Joint  Air-Sea  Interaction 
(JASIN)  Experiment  during  the  late  summer  of  1978.  Simultaneously 
with  most  of  the  Seasat  overpasses,  surface  measurements  including 
wave  height,  wavelength,  wave  direction,  and  wind  speed  and  direction 
were  performed  by  personnel  aboard  oceanographic  research  vessels 
and  wave  buoys  deployed  within  the  study  area.  More  detailed 
descriptions  of  the  JASIN  Seasat  Experiment  are  available  (Allan  and 
Guymer,  1980;  Allan  and  Guymer,  1984). 

The  Seasat  SAR  operating  parameters  and  environmental  conditions 
for  the  18  overpasses  in  the  late  summer  of  1978  in  support  of  the 
JASIN  Experiment  are  summarized  in  Table  12.  A  wide  range  of  en¬ 
vironmental  conditions  were  present  during  the  18  passes  including: 
wave  heights  ranging  from  1.1  to  5.7  meters,  wavelengths  from  63  to 
256  meters,  and  wind  speeds  of  3.0  to  11.9  m/s.  Of  the  18  passes, 
waves  were  visible  in  13.  More  detailed  studies  have  been  performed 
using  this  data  set  (Kasischke,  1980;  Vesecky,  et  al.,  1982).  A 
reprint  of  the  Vesecky,  et  al .  paper  is  included  in  the  Appendix. 

3.1.4  GOASEX 

The  Gulf  of  Alaska  Seasat  Experiment  (GOASEX)  was  conducted  in 
September  1978  in  the  Northeast  Pacific.  This  experiment  provided 
surface  wave  measurements  coincident  with  aircraft  and  satellite  SAR 
imagery.  Seasat  L-band  SAR  imagery  was  collected  during  five  over¬ 
passes  of  the  test  area.  In  addition,  the  ERIM  X-  and  L-band  SAR 
system  collected  data  during  multi-sided  flight  patterns  on  the  22nd, 
23rd,  25th,  and  26th  of  September.  The  total  number  of  aircraft 
passes  was  35.  During  the  SAR  data  collection,  surface  wind  and 
wave  measurements  were  performed  by  pitch-and-rol  1  and  NOAA  data 
buoys.  A  more  detailed  description  of  the  GOASEX  Experiment  is  given 
by  Gonzalez,  et  al .  (1979). 
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TABLE  12 

SUMMARY  OF  SEASAT  SAR  OPERATING  PARAMETERS  AND 
ENVIRONMENTAL  CONDITIONS  DURING  THE  1978  JASIN  EXPERIMENT 
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Presented  in  Table  13  is  a  summary  of  the  Seasat  SAR  operating 
parameters  and  environmental  conditions  for  5  overpasses  in  September 
1978  in  support  of  the  GOASEX  Experiment.  Waves  were  imaged  in  4  of 
the  5  passes.  The  one  pass  where  waves  were  not  imaged  had  a 
surf  ace-measured  significant  wave  height  (H^)  of  only  1.1  meters. 

The  ERIM  X-  and  L-band  SAR  operating  parameters  and  environmental 
conditions  for  22  September  1978  are  presented  in  Table  14  .  Waves 
were  clearly  visible  in  each  pass  where  data  was  available  for  both 
X-  and  L-band.  Note  that  imagery  for  several  passes  was  either  lost 
or  never  processed.  The  signal  films  do  exist  for  these  passes  so 
they  could  be  processed  into  imagery  in  the  future. 

A  summary  of  the  ERIM  X-  and  L-band  SAR  operating  parameters  and 
environmental  conditions  for  23  September  1978  is  presented  in 
Table  15  .  Waves  were  clearly  visible  in  each  pass  where  data  was 
available  for  both  X-  and  L-band.  It  is  interesting  to  note  that 
the  L-band  data  appears  equivalent  to  the  X-band  for  this  data  set 
and  that  collected  on  the  22nd.  This  implies  that  under  certain 
conditions,  radar  wavelength  is  not  an  important  consideration  for 
the  detectability  of  waves. 

The  ERIM  X-  and  L-band  SAR  operating  parameters  and  environmental 
conditions  for  25  September  1978  are  summarized  in  Table  16.  The 
image  film  from  this  flight  could  not  be  located  at  ERIM.  However, 
as  mentioned  previously,  the  signal  films  do  exist  and  could  be 
processed  into  imagery  in  the  future. 

Presented  in  Table  17  is  a  summary  of  the  ERIM  X-  and  L-band  SAR 
operating  parameters  and  environmental  conditions  for  26  September 
1978.  Only  4  of  the  9  passes  were  found  and  these  all  contained 
waves  in  both  the  X-  and  L-band  imagery.  It  is  interesting  to  note 
that  the  waves  are  not  as  detectable  as  on  the  22nd  or  23rd.  This 
is  most  likely  due  to  the  lower  wave  heights  or  the  different  imaging 
geometries . 
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TABLE  14 

SUMMARY  OF  ERIM  X-L  SAR  OPERATING  PARAMETERS  AND 
ENVIRONMENTAL  CONDITIONS  FOR  22  SEPTEMBER  1978 
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TABLE  15 

SUMMARY  OF  ERIM  X-L  SAR  OPERATING  PARAMETERS  AND 
ENVIRONMENTAL  CONDITIONS  FOR  23  SEPTEMBER  1978 
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TABLE  16 

SUMMARY  OF  ERIM  X-L  SAR  OPERATING  PARAMETERS  AND 
ENVIRONMENTAL  CONDITIONS  FOR  25  SEPTEMBER  1978 
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TABLE  17 

SUMMARY  OF  ERIM  X-L  SAR  OPERATING  PARAMETERS  AND 
ENVIRONMENTAL  CONDITIONS  FOR  26  SEPTEMBER  1978 


RADAR  DIVISION 


'[RIM 


The  GOASEX  data  set  represents  the  only  example  of  coincident 
aircraft  and  spacecraft  SAR  coverage.  Comparisons  between  the  two 
platforms  have  been  performed  which  indicate  close  agreement  of  the 
two  sensors  as  described  by  Gonzalez,  et  al.,  1981.  A  reprint  of 
this  article  is  included  in  the  Appendix. 

3.1.5  LAKE  MICHIGAN  1978 

On  18  October  1978,  the  ERIM  X-  and  L-band  SAR  system  collected 
two  passes  of  data  over  Lake  Michigan  near  Pentwater,  Michigan.  Dur¬ 
ing  the  SAR  data  collection  flight,  surface  wind  and  wave  measure¬ 
ments  by  an  array  of  wave  probes  were  performed  by  the  Physical 
Oceanography  Laboratory  of  the  University  of  Michigan. 

The  ERIM  X-  and  L-band  SAR  operating  parameters  and  environmental 
conditions  for  18  October  1978  are  presented  in  Table  18.  Waves  were 
detected  in  both  X-band  passes  but  in  only  one  of  the  2  L-band  cases. 
More  detailed  comparisons  between  the  SAR-derived  and  surface- 
measured  wave  spectra  from  this  data  set  are  given  by  Shuchman  and 
Meadows  (1980)  and  Meadows,  et  al .  (1982).  Reprints  of  these  papers 
are  included  in  the  Appendix. 

3.1.6  MARSEN 

The  Maritime  Remote  Sensing  Experiment  (MARSEN)  was  conducted  in 
the  southern  part  of  the  North  Sea  during  August  and  September  1979. 
Seven  APD-10  SAR  data  collection  missions  were  flown  by  the  United 
States  Air  Force  of  Europe  (USAFE)  RF-4s.  In  total,  39  passes  of 
data  were  collected.  These  flights  were  concentrated  over  two  in¬ 
strumented  towers  in  the  North  Sea  where  surface  wind  and  wave  mea¬ 
surements  were  performed.  A  collection  of  articles  describing  the 
scientific  results  from  MARSEN  have  been  published  in  a  special  issue 
of  the  Journal  of  Geophysical  Research.  Two  papers  from  this  issue 
are  included  in  the  Appendix  (Shuchman,  et  al.,  1983;  Lyzenga  and 
Shuchman,  1983). 


TABLE  18 

SUMMARY  OF  ERIM  X-L  SAR  OPERATING  PARAMETERS  AND 
ENVIRONMENTAL  CONDITIONS  FOR  18  OCTOBER  1978 
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Presented  in  Table  19  is  a  summary  of  the  APD-10  SAR  operating 
parameters  and  environmental  conditions  for  Line  8  data  collected  on 
25  September  1979.  Again,  some  of  the  imagery  was  not  available, 
but  signal  films  exist  so  that  it  can  be  processed  in  the  future. 
Of  the  5  passes  where  imagery  was  available,  waves  were  clearly  de¬ 
tected.  The  clarity  of  the  wave  images  fall  off  rapidly  with  in¬ 
creasing  range  (incidence  angle).  This  is  probably  due  to  the  effect 
of  scatterer  motions  in  the  imaged  scene  caused  by  the  relatively 
high  wind  speed  (11.8  m/s).  This  effect  is  discussed  in  greater 
detail  by  Lyzenga  and  Shuchman  (1983).  A  reprint  of  this  article  is 
included  in  the  Appendix. 

A  summary  of  the  APD-10  SAR  operating  parameters  and  environ¬ 
mental  conditions  is  presented  in  Table  20  for  Line  12  data  collected 
on  27  September  1979.  Waves  were  imaged  in  each  pass.  Again,  wave 
detectability  falls  off  with  increasing  range.  No  waves  were  visible 
at  80°  incidence  angle. 

The  APD-10  SAR  operating  parameters  and  environmental  conditions 
for  Line  13  data  collected  on  27  September  1979  are  summarized  in 
Table  21.  Waves  were  again  imaged  in  each  pass  but  none  were  visible 
at  80°  incidence  angle. 

The  data  presented  in  Table  22  summarize  the  APD-10  SAR  operating 
parameters  and  environmental  conditions  for  Line  10  data  collected 
on  28  September  1979.  Waves  were  clearly  visible  in  each  pass  and 
in  one  pass  were  detected  at  80°  incidence  angle. 

Presented  in  Table  23  is  a  summary  of  the  APD-10  SAR  operating 
parameters  and  environmental  conditions  for  Line  7  data  collected  on 
28  September  1979.  These  data  were  collected  using  the  same  flight 
pattern  as  Line  10,  but  by  a  different  aircraft  at  a  slightly  later 
time.  The  visibility  of  waves  for  this  data  set  are  the  same  as 
Line  10.  This  implies  that  the  environmental  conditions  remained 
relatively  constant  between  the  two  flights. 
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TABLE  19 

SUMMARY  OF  APD-10  SAR  OPERATING  PARAMETERS  AND 
ENVIRONMENTAL  CONDITIONS  FOR  25  SEPTEMBER  1979  (LINE  8) 
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TABLE  21 

SUMMARY  OF  APD-10  SAR  OPERATING  PARAMETERS  AND 


I 


o  o  o  o  o  o 


o  o  o  o  o  o 
o  n  n  o  n  n 
c*)  n  o  n  n  o 

O  O  O  O  O  O 

CN  CM  IN  (N  CN  CN 
CO  CO  CO  CO  00  CO 


o  o  o  o  o  c 

in  in  in  in  m  in 


'f  n  n  tpj 


188888 


o  o  o  o  o  o 

o  d  o  o  o  m 

IP  IP  IP  IP  IP  IP 

^  TJ  ^ 


OOOOOC 

oooooo 

n  n  o  m  n 


m  in  in  m  in  in 


cn  o  Q  co  O  in 

--  r-  O  ip  n  r- 

cn  n  — 


(n  n  t  in  'J 

i 


a  a  a  cr 
<  <  <  < 


3  a  o 

<  Uj  •— 

‘a  >  >- 

uj  ’  a 

>  CN  U. 

;  C  > 

<  CN 

a  ~  —  •• 

<  c  z  ~ 

O  Z  3  < 

<  <  N.  •- 

■  a  cc  —  2 

a  c 

.  U.  3  HN 

CN  l.  tt 

UJ  ■•’“O' 

•  o  o  -  x  : 
o  z 

i  ^  fl  2  •“ 

03  3  —  • 

a  — 

i  <  x  t-  2  i 

U  "  <  O  1 

•  Z  -  m  i 


u-  c  c  a 

‘  o  Z  c.  < 

Z  UJ  — 

<  -i  a  c 

I  UJ  Hi  t 

in  >  ♦- 

—  <  *-  O 

03-Uj 
2  > 

1  C  <  Z  UJ 

Z  O  <  U 

'  <  <  CL  Uj 

ct  a  —  a 


3  3  3  0 

z  z  z  z 


Z  3  C  C  3 

z  z  z  z 


-  c  c  o  c 


-  o  c  u  a 

z  z  z  z 
'  <  <  <  < 


<0333 

o  z  z  z  z 

Hi  u.  U  uj 

C  3  C  3  3 

z  - - 

I"  3  3  3  3 

c  z  z  z  z 


-  z 

2  3  - 


O  a  o 
Z  -  —  - 
u-  O  3 
-»  \  Z 

uj  uj  2  3 

>  >  —  — 

<  <  M- 

3  3  0  3 

UJ  UJ 

*-  »—  uj  a 

z  z  a  ~ 

<  <  in  o 

z  z 

-  -  o  o 
2  2  Z  Z 
oo~~ 

'003  3 


r  o  o  o  o 
>  O  O  O  O 
a  c\  tt  ip  cc 

UJ 

3  t- 

<  <  <  <  < 
2 

-  >  >  >  > 


»-  co  m  oa  co 

z  <  <  <  < 


a  — 

d  UJ  U  UJ  U 

O  O  O  O 


>  >  >  >  > 

<  <  <  <  < 

3  3  3  3  3 


rNfn-rinipr-ocoO'“CNm*TLn<rr'-cc 


34 


TABLE  23 

SUMMARY  OF  APD-10  SAR  OPERATING  PARAMETERS  AND 
ENVIRONMENTAL  CONDITIONS  FOR  28  SEPTEMBER  1979  (LINE  7) 
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The  APD-10  SAR  operating  parameters  and  environmntal  conditions 
are  presented  in  Table  24  for  Line  6  data  collected  on  28  September 
1979.  These  data  were  collected  approximately  250  km  south  of  Lines 
7  and  10,  and  therefore  under  a  different  set  of  environmental  con¬ 
ditions.  The  wind  speeds  in  this  area  were  only  3.5  m/s.  Waves  were 
only  visible  in  3  of  the  6  passes.  It  is  interesting  to  note  that 
waves  were  visible  at  80°  inidence  angle  in  pass  E-3.  This  could  be 
due  to  the  reduced  effect  of  scatterer  velocities  because  of  the 
lower  wind  speed.  The  fact  that  waves  were  not  imaged  in  3  of  the 
passes  could  be  due  to  the  low  wind  speed  not  causing  enough  small 
scale  surface  roughness  to  be  modulated  by  the  longer  waves.  For  a 
more  detailed  analysis  of  the  MARSEN  data  set,  the  reader  is  referred 
to  Shuchman,  et  al .  (1983).  A  reprint  of  this  article  is  included 
in  the  Appendix. 

3.1.7  OTHER  EXPERIMENTS 

In  addition  to  the  data  described  above,  SAR  experiments  have 
recently  been  conducted  or  are  planned  which  will  add  to  the  above 
data  set.  The  Torrey  Pines  Experiment  was  held  in  December  1983  off 
the  coast  of  Southern  California.  United  States  Marine  Corps  (USMC) 
RF-4  jets  collected  APD-10  imagery  over  an  instrumented  test  site. 
The  surface  measurements  included  a  linear  pressure  sensor  array 
which  yields  high  resolution  directional  wave  spectra.  Comparisons 
between  these  surface  measurements  and  spectra  derived  from  simulta¬ 
neously  collected  SAR  imagery  are  currently  being  performed. 

A  SAR  experiment  is  planned  to  coincide  with  the  SIR-B  Experiment 
this  summer  (1984)  off  the  coast  of  Long  Island  in  the  New  York  Bight 
region.  The  SAR  580  system  will  collect  X-,  L-,  and  C-band  SAR  data 
over  an  instrumented  area.  This  experiment  will  provide  additional 
data  with  which  to  test  various  imaging  theories. 
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TABLE  24 

SUMMARY  OF  APD-10  SAR  OPERATING  PARAMETERS  AND 
ENVIRONMENTAL  CONDITIONS  FOR  28  SEPTEMBER  1979  (LINE  6) 
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3.2  STATISTICAL  SUMMARY 

A  basic  question  when  using  synthetic  aperture  radar  (SAR)  as  a 
wave  measuring  device  is  under  what  conditions  can  a  SAR  detect  waves 
and  how  accurately?  This  study  has  only  addressed  the  detectability 
question  and  not  the  accuracy  of  the  SAR-derived  wave  spectra.  This 
latter  question  would  require  a  much  larger  effort. 

Summarizing  the  above  data  set  with  regard  to  detectability 
finds:  the  Seasat  SAR  detected  waves  in  17  of  23  overpasses  or  74 
percent  of  the  time,  the  APD-10  X-band  SAR  detected  waves  in  30  of 
33  passes  or  91  percent  of  the  time,  the  X-band  channel  of  the  ERIM 
X-L  system  detected  waves  in  all  98  passes  studied  (100  percent), 
while  the  L-band  channel  detected  waves  in  62  of  86  passes  or  78 
percent  of  the  time.  It  should  be  strongly  noted  that  these  results 
are  only  valid  for  the  environmental  conditions  encountered  during 
the  various  data  collection  flights.  For  example,  aircraft  flights 
were  rarely  conducted  on  days  when  wind  and  wave  conditions  were  not 
conducive  for  imaging  waves.  Similarly,  the  JASIN  and  GOASEX  data 
were  collected  in  regions  where  reasonably  high  wave  energy  was 
expected . 
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CONCLUSIONS  AND  RECOMMENDATIONS 


The  purpose  of  this  study  has  been  to  summarize  the  synthetic 
aperture  radar  (SAR)  ocean  wave  data  which  is  archived  at  ERIM.  This 
has  included  documenting  the  SAR  operating  parameters  ana  environ¬ 
mental  conditions  during  each  pass  or  overflight  when  SAR  wave  data 
was  collected.  In  addition,  the  processed  imagery  from  these  passes 
was  manually  interpreted  to  determine  if  waves  were  detected,  and  if 
so,  how  clearly. 

Of  the  210  passes  of  imagery  studied,  waves  were  imaged  in  183, 
or  87  percent  of  the  time.  This  number  should  not  be  thought  of  as 
the  expected  performance  of  a  SAR  in  general.  Typically,  SAR  data 
collection  flights  were  only  conducted  on  days  when  wind  and  wave 
conditions  were  suitable  for  producing  wave  imagery.  More  data  col¬ 
lected  over  a  wider  range  of  environmental  conditions  is  required  to 
better  define  the  capabilities  and  limitations  of  using  SAR  for  ocean 
wave  detection.  Also,  a  wider  range  of  SAR  operating  configurations 
over  the  same  set  of  wind  and  wave  conditions  is  required  for  system 
optimi zation. 

A  basic  objective  of  documenting  this  data  set  is  to  provide  a 
basis  by  which  SAR  ocean  wave  imaging  theories  can  be  evaluated. 
Wave  detectability  is  a  function  of  the  environmental  conditions  and 
SAR  system  parameters.  Imaging  theories  can  suggest  which  are  the 
most  critical  parameters  or  combination  of  parameters,  and  these 
suggestions  can  be  tested  using  data  such  as  that  presented  here. 

Recommendations  for  future  work  in  this  area  would  be  to  digitize 
the  existing  wave  imagery  and  produce  digital  spectral  estimates. 
Quantitative  interpretation  of  these  estimates  would  remove  the  ob¬ 
jectiveness  of  the  manual  interpretation  used  in  this  study. 
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APPENDIX 

Contained  in  this  Appendix  are  a  series  of  reprints  which 
describe  in  more  detail  the  experiments  during  which  the  SAR  ocean 
wave  imagery  summarized  in  this  report  were  collected.  These  arti¬ 
cles  are  presented  in  alphabetical  order  according  to  first  author, 
as  summarized  in  Table  A1 .  The  figures  contained  in  this  Appendix 
are  xerox  copies,  not  half-tone  prints. 
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1 .  ABSTRACT 

A  comparison  of  airborne  and  satellite  synthetic  aperture  radar 
wave  imagery  and  coincident  surface  wave  observations  indicates  that 
for  the  range  of  environmental  conditions  encountered,  the  radar 
estimates  of  dominant  wavelength  and  direction  are  of  equal  or 
better  accuracy  than  the  corresponding  ln-situ  estimates. 
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2.  INTRODUCTION 

This  short  paper  concerns  itself  with  the  ocean  wave  detection 
capabilities  of  synthetic  aperture  radar  (SAR).  A  more  detailed 
report  of  this  work  is  in  preparation.  A  major  field  experiment,  the 
September  1978  Gulf  of  Alaska  SEASAT  Experiment  (GOASEX),  provided 
surface  wave  measurements  coincident  with  aircraft  and  satellite  SAR 
imagery.  A  preliminary  assessment  of  this  data  was  primarily  quali¬ 
tative  (Gonzalez  et  al,  1979).  The  present  work  quantifies  the 
correlation  among  surface  and  radar  estimates  for  those  ocean  waves 
successfully  detected  by  SAR.  This  report  also  qualitatively  dis¬ 
cusses  a  separate  but  related  issue,  that  of  the  dependence  of  SAR 
wave  image  quality  on  viewing  geometry  and  environmental  conditions. 

3.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Satellite  L-band  SAR  imagery  was  acquired  in  the  Northeast 
Pacific  during  seven  Seasat  revolutions  (Revs);  on  four  of  these  Revs, 
coincident  airborne  SAR  images  were  obtained  by  the  ERIM  dual  polar¬ 
ized  X-  and  L-band  SAR  (Rawson  et  al ,  1975)  on  the  Canadian  CV-580 
aircraft.  Coincident  surface  observations  were  also  made:  estimates 
of  directional  wave  energy  spectra  were  computed  from  measurements 
collected  by  a  pitch-roll  (PR)  buoy;  similarly,  estimates  of  one¬ 
dimensional  wave  energy  spectra  were  obtained  by  NOAA  data  buoys; 
surface  windspeed  and  direction  measurements  were  made  at  all  buoy 
sites.  This  coverage  is  summarized  in  Figure  1.  Surface  wind  speeds 
encountered  in  this  data  set  ranged  from  2  to  14  m/s;  multiple  wave 
systems  were  common,  with  a  range  of  significant  wave  heights  from 
1  to  3.5  m  and  wavelengths  of  from  100  to  500  ra. 

In  what  follows,  the  in-situ  estimates  of  dominant  wavelength 
and  direction  correspond  to  peaks  in  the  wave  energy  spectra  computed 
from  buoy  measurements;  similarly,  SAR  estimates  correspond  to  peaks 
in  the  image  intensity  spectra  obtained  by  two  dimensional  Fourier 
transforms  of  the  SAR  scenes. 

3.1  Aircraft  data 


Each  aircraft  mission  over  the  PR  buoy  included  a  multi-sided 
box  pattern  designed  to  image  the  dominant  waves  from  various 
directions.  Figure  2  presents  the  results  obtained  as  a  function  of 
viewing  angle  for  the  pattern  flown  coincident  with  Seasat  Rev  1269. 
Only  parallel  polarized  imagery  has  been  examined.  On  this  occasion,, 
a  dominant  wave  system  of  length  150  m  and  significant  height  of  2.5 
m  was  present,  with  wind  speeds  averaging  about  5  m/s.  We  see  that 
SAR  estimates  obtained  for  all  viewing  angles  are  in  reasonable 
agreement  with  surface  observations;  in  particular,  we  note  agreement 
on  flight  lines  (1)  and  (4),  for  which  the  waves  were  propagating 
within  a  few  degrees  of  azimuth. 
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12  12  19  Sept  (VO 

1255  22  Sept  YES 

1269  23  Sept  YES 

1292  25  Sept  YES 

1306  26  Sept  YES 


SURFACE  OBSERVATIONS 

•  N  NOAA  doto  buoy  4600N 

•  PR  Pitch-roll  buoy  aboard  R/V  Oceanographer 

•  T  Waverider  buoy  at  Tofino,  B  C 

Fig.  1:  SAR  and  surface  observation  coverage  during 
GOA SEX. 
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This  is  significant,  because  the  dependence  of  SAR  ocean  wave 
detectability  on  viewing  geometry  and  environmental  conditions  is  of 
some  concern;  specifically,  it  appears  that  wave  image  quality  deter¬ 
iorates  as  the  wave  becomes  more  nearly  azimuthal  (Shuchman  et  al, 
1978;  Vesecky  et  al,  this  volume).  It  is  unclear,  however,  under 
what  range  of  environmental  conditions  a  SAR  will  or  will  not  detect 
a  purely  azimuthal  wave,  and  instances  of  both  failed  and  successful 
azimuth  wave  detection  have  been  reported  for  airborne  radar  (Elachi, 
1978;  Shemdin  et  al ,  1978). 

The  environmental  effects  on  image  quality  for  waves  propagating 
in  range  (the  cross-track  coordinate)  is  somewhat  better  understood; 
the  primary  imaging  mechanisms  appear  to  be  modulation  of  radar  cross 
section  through  tilting  and  hydrodynamic  straining  of  the  relatively 
short  wavelength  Bragg  scatterers  by  the  longer  dominant  waves 
(Elachi  and  Brown,  1977).  Higher  and  shorter  dominant  long  waves 
should  cause  greater  tilting  and  hydrodynamic  straining  due  to 
larger  mean  slopes  and  velocities,  though  it  should  be  noted  that  the 
effects  of  these  two  mechanisms  could  act  in  concert  or  opposition. 

With  this  last  caveat  in  mind,  a  possible  interpretation  can 
be  made  of  the  data  presented  in  Table  1  for  primarily  range  propa¬ 
gating,  waves  .  This  table  summarizes  the  satellite  and  aircraft 
results  processed  so  far  for  the  particular  box  pattern  flight  line 
which  was  oriented  parallel  to  the  Seasat  track  for  each  of  three 
different  aircraft  missions. 

Of  special  interest  is  the  data  collected  during  Rev  1306.  The 
PR  buoy  and  Tofino  Waverider  data  indicate  the  presence  of  a  low 
energy  wave  system  (H  about  1  m)  composed  of  three  identifiable 
dominant  waves  (256,  ?30,  and  19  m) ,  and  closer  examination  of  the 
wave  energy  spectra  indicates  roughly  equal  partition  of  the  total 
energy  among  the  three  systems  (individual  values  of  H  about  .6  m) . 
It  is  significant  that  there  was  a  complete  failure  bysall  SAR 
systems  employed  in  this  experiment  to  detect  the  relatively  longer 
dominant  wave,  in  contrast  to  the  successful  detection  of  the  inter¬ 
mediate  and  short  waves  of  this  trio,  and  the  intermediate  but  more 
energetic  waves  present  on  Revs  1255  and  1269.  Furthermore,  a  visual 
examination  shows  that  the  more  energetic  wave  in  Rev  1269  is  more 
clearly  imaged  than  its  less  energetic  counterpart  of  comparable 
length  in  Rev  1306. 

These  results  are  consistent  with  the  previous  discussion  of 
backscatter  modulation  through  tilting  and  straining,  and  suggest 
that,  at  least  for  range  waves,  some  measure  of  root  mean  square 
slope  and/or  orbital  velocity  should  be  used  to  characterize  the 
lower  limits  of  SAR  ocean  wave  detectability,  rather  than  simply 
the  significant  wave  height  of  the  entire  system,  as  has  been 
suggested  previously  (Gonzalez  et  al ,  1979). 
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0^*  093  deg. 

*  Optical  Fourier  Transform  Data 
**  Digital  Fourier  Transform  Data 


Fig.  2:  CV-580  and  SEASAT  SAR  wave  observations 

during  Rev  1269  September  28,  1978.  Airborne  obser¬ 
vations  were  made  with  6  different  viewing  angles  as 
illustrated . 
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Table  1.  Coincident  SEASAT,  CV-580, 
and  Pitch-Roll  buoy  observations 


Rev 

SEASAT 

SAR 

I  CV-580  SAR  “I 

PR  Buoy 

!  X-Band  I 

1  L-Band 

1255  A 

9t 

9a 

187  m 

96° 

135° 

210  m 

96° 

135° 

177m  H  =  2. 7m 

93°  S 

121° 

Wind  8.3  m/s  from  243° 

1269  A 

9t 

9a 

rnmm 

167  m 
109° 

136° 

138  m 
109° 

136° 

151  m  H  =  2.5  m 

93°  S 

121° 

Wind  5.1  m/s  from  90° 

1306  A 

9T 

9a 

Unde  t . 

Undet. 

Undet . 

256  mC  H  *  1.1  m 

336°  s 

128° 

Wind  11.8  m/s  from  100° 

1306  A 

9t 

9a 

130  s?b 

95°® 

248° 

128  m 

95° 

248° 

Det.d 

130  mC  H  “  1.1  m 

105°  3 

258° 

Wind  11.8  m/s  from  100° 

1306  A 

9T 

9a 

Undet. 

22  m 
293° 

84° 

Det  .d 

19  mC  H  «  1.1  m 

274°  S 

66° 

Wind  11.8  m/s  from  100° 

The  notation  used  is  A  for  wavelength,  9T  for  wave  direction  referred 
to  true  North,  0A  for  wave  direction  referred  to  azimuth  (the  along- 
track  coordinate  of  SEASAT),  Hg  for  significant  wave  height. 

^Undetected  in  optically  processed  imagery  of  40  m  resolution,  and 
detected  only  with  difficulty  in  contrast-enhanced,  digitally  pro¬ 
cessed  imagery  of  20  m  resolution. 

c 

Corresponding  peaks  were  found  in  wave  energy  spectra  obtained  by 
a  Waverider  buoy  at  a  site  75  km  away,  near  Tofino,  British  Columbia. 

^Detected  by  visual  examination  only.  No  transforms  available. 
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3.2  Satellite  data 

A  sufficient  number  of  SEASAT  SAR/surface  observation  pairs 
exist  to  justify  an  estimate  of  their  correlation  by  linear  regres¬ 
sion  analysis.  Sixteen  pairs  were  obtained  for  wavelength,  only 
seven  (from  the  PR  buoy)  for  direction.  The  results  are  presented 
in  Figure  3.  Error  bars  for  buoy  wavelength  measurements  are  deter¬ 
mined  by  the  finite  frequency  intervals  for  which  the  spectral 
estimates  are  computed;  error  bars  for  the  PR  estimates  of  mean 
direction  correspond  to  the  half-width  of  the  directional  peak. 

Error  bars  for  the  satellite  observations  reflect  the  conservative, 
albeit  subjective  judgement  that  individual  peaks  in  image  intensity 
spectra  can  generally  be  located  with  confidence  in  a  circle  of  1  mm 
diameter  on  the  scale  of  the  original  data.  (An  exception  is  the 
larger  set  of  error  bars  assigned  to  the  extremely  weak  and  diffuse 
maximum  for  Rev  1306.  See  note  for  Table  1.)  We  see  that  a  high 
degree  of  correlation  exists  for  both  wavelength  and  direction.  No 
statistical  significance  can  be  attached  to  the  deviation  of  the 
slopes  from  unity  and  the  relatively  small  biases  indicated. 

It  is  probable  that  SAR  estimates  of  dominant  wave  direction 
are  superior  to  those  of  in-sltu  buoys.  In  at  least  one  case  the 
radar  evidently  detected  two  dominant  waves,  similar  in  length  and 
propagating  within  30  degrees  of  one  another,  which  the  PR  buoy  failed 
to  resolve.  The  relatively  small  error  bars  for  the  SAR  directional 
estimates  should  be  noted. 

With  regard  to  azimuth  wave  detection,  the  SEASAT  SAR  indicated 
propagation  directions  within  45  degrees  of  azimuth  for  5  of  the 
sixteen  wavelength  data  pairs  of  Figure  3.  Only  one  pair  included  a 
PR  buoy  estimate  of  direction,  however,  and  in  that  case  the  associ¬ 
ated  error  bar  was  so  large  that  the  data  point  was  edited  (Figure 
3);  nonetheless,  the  agreement  in  wavelength  for  all  5  data  pairs  is 
strong  indirect  evidence  of  successful  azimuth  wave  detection. 

A  separate  case  of  azimuth  wave  detection,  not  considered  in 
detail  here,  should  also  be  mentioned.  On  a  Rev  which  imaged  the 
region  offshore  of  Baja,  California,  waves  were  clearly  detected 
traveling  within  a  few  degrees  of  azimuth  (NASA,  1980) .  These  waves 
were  apparently  generated  some  58  hours  earlier  by  hurricane  Gilma; 
using  hurricane  parameters  estimated  from  satellite  imagery,  a 
parametric  model  (Ross,  1976)  has  been  used  to  hindcast  a  wavelength 
of  about  250  m,  in  good  agreement  with  the  SAR  estimates. 

4.  CONCLUSIONS 

The  data  presented  here  suggest  that,  for  the  limited  environ¬ 
mental  conditions  encountered:  (1)  dominant  wavelength  estimates 
by  SAR  are  at  least  as  accurate  as  the  standard  surface  observations 
by  buoy;  (2)  the  SAR  directional  estimates  are  probably  superior; 
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(3)  both  SEASAT  and  CV-580  SAR  successfully  detected  waves  with 
significant  azimuth  components;  (4)  for  range  waves,  a  measure  of 
rms  slope  and/or  orbital  velocity  may  be  more  appropriate  than 
significant  wave  height  for  the  characterization  of  sea  state  in 
studies  of  SAR  ocean  wave  image  quality. 
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Analysis  of  Scatterer  Motion  Effects  in  Marsen  X  Band  SAR  Imagery 

D.  R.  I.Y/KNGA  AND  R.  A.  SlIL'CHMAN 
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Synthetic  aperture  radar  V  hand  images  collected  over  the  North  Sea  during  the  I9"V  N1  \KSI  N 
experiment  show  numerous  apparent  point  scallerers  imaged  with  a  degraded  resolution  in  the  alone 
track  direction.  The  observed  resolution  ol  these  leal ures  is  consistent  with  a  scattetei  coheiencc  tunc 
of  the  order  of  It)  s  or  a  vertical  acceleration  of  the  order  of  s  m  s'  ( )hsei  cations  ol  ihe  resolution  as 
a  function  of  the  processor  integration  time  tend  to  siippoit  the  coherence  time  explanation.  Sinulai 
coherence  times  have  Keen  measured  for  breaking  waves  by  conventional  high-resolution  radars, 
suggesting  that  the  same  phenomena  may  he  responsible  for  the  features  observed  on  Ihe  svnthelic 
aperture  radar  imagery. 


I.  Introduction 

Synthetic  aperture  radar  (SARI  data  were  collected  over 
the  North  Sea  during  the  Maritime  Remote  Sensing  (MAR- 
SEN)  experiment  in  the  fall  of  1979.  .V  hand  (5-cm  wave¬ 
length)  SAR  images  obtained  at  higher  wind  speeds  during 
this  experiment  are  dominated  by  bright  features  which 
change  in  appearance  from  essentially  pointlike  objects  at 
near  range  to  elongated  streaks  at  far  range.  The  streaks  are 
always  aligned  in  the  along-track  or  azimuth  direction, 
indicating  that  they  are  the  result  of  localized  scatterers 
which  are  imaged  at  reduced  resolution  in  azimuth  because 
of  the  motion  or  finite  coherence  time  of  the  scatterers. 

In  this  paper,  measurements  of  the  streak  lengths  as  a 
function  of  range  are  compared  with  calculations  of  the 
azimuth  resolution  assuming  various  motion  parameters, 
and  conclusions  are  drawn  as  to  the  probable  cause  of  the 
observed  image  features.  Comparisons  are  also  made  wiih 
conventional  radar  observations  of  breaking  waves,  and  the 
properties  of  these  radar  returns  are  shown  to  be  consistent 
with  the  properties  of  the  observed  SAR  image  features. 

2.  Data  Description 

The  data  sets  studied  during  the  present  investigation 
consist  of  six  passes  of  X  band  SAR  imagery  collected  by  the 
APD-IO  system  over  the  North  Sea.  The  AN/UPD-4  SL.AR 
system  is  an  X  band  synthetic  aperture  radar  developed  by 
Goodyear  for  the  military  and  mounted  in  an  F-4  jet  aircraft. 
The  APD-IO  is  the  radar  system  portion  of  the  UPD-4  system 
which  includes  a  ground  data  processing  unit.  Ihe  data 
presented  in  this  study  was  processed  at  ER1M.  using  its 
precision  optical  processor. 

The  APD-IO  sensor  was  one  among  several  remote  sens¬ 
ing  instruments  used  to  collect  data  as  part  of  the  1979 
MARSEN  experiment.  APD-IO  data  were  collected  over  a  2- 
day  period  (September  27  and  2k.  1979)  during  which  the 
wind  speed  varied  from  5.5  m/s  to  10.4  m's  while  the  wave 
conditions  remained  fairly  constant.  The  wind  and  wave 
conditions  during  the  overflights  considered  in  this  paper  are 
presented  in  Table  I . 

The  data  collected  by  the  APD-IO  system  are  recorded 
separately  in  four  slant  range  intervals,  referred  to  as  sub- 

(  opyright  1 9X1  by  the  American  Geophysical  Union 

Paper  number  2UIKM. 

(1 1 48-0227  X  t  (Ml2<  I  X6  I  MIS  IX) 


swaths  A-D.  I  he  slant  range  varies  from  4  b  km  at  the  ncui 
edge  of  subswath  A  to  24.2  km  of  the  far  edge  of  subswath  I). 
corresponding  to  a  range  of  incidence  angles  from  approxi¬ 
mately  40  to  SO  for  the  altitude  (4.5  kmi  .it  which  the 
aircraft  was  flown.  Additional  APD-IO  SAR  system  parame¬ 
ters  relevant  to  this  study  are  as  follows: 

A  altitude.  -  4.5  km; 

\  platform  velocity  .  -  200  m  s; 

R  range.  -  4.0-24.2  km. 

0  incidence  tingle.  40  to  k()  : 

K  wavelength.  -  4.1  cm: 

P  azimuth  antenna  beamwidth.  -  (1.0252  rad: 

PRF  pulse  repetition  frequency .  15(H)  Hz: 

nominal  processed  resolution  5  m. 

The  data  sets  analy  zed  in  this  paper  include  four  segments 
collected  during  the  highest  wind  speed  (10.5  m  si  on  Sep¬ 
tember  27  and  two  segments  collected  during  an  intermedi¬ 
ate  wind  condition  (7.5  m  si  on  September  2k.  Ihe  signifi¬ 
cant  wave  height  was  approximately  1.0  m  on  the  first  day 
and  1.2  m  on  the  second  day.  with  a  period  of  7.5  s  in  both 
cases.  The  radar  look  directions  relative  to  the  wind  direc¬ 
tion  and  wave  propagation  direction  are  show  n  in  I  able  2  for 
each  of  the  data  segments  considered.  Examples  of  the 
imagery  obtained  on  September  2’  and  2k  are  shown  m  the 
companion  paper  by  Shnihnuin  at  til.  |this  issue  I .  All  of  the 
data  considered  in  this  paper  were  collected  in  relatively 
deep  water  (50  m)  near  the  Nordsec  towel  in  the  German 
Bight, 

5  Ml  \st  hi  sti  sis 

Extensive  image  streaking  occuned  in  all  of  the  S  \K  data 
over  the  North  Sea  except  that  collected  at  the  lowest  wind 
speed.  Land  features  were  imaged  with  good  resolution, 
indicating  that  the  streaking  over  water  was  not  due  to  a 
system  malfunction.  During  the  lowest  wind  speed  < '  'him. 
very  few  of  these  features  were  observed  except  neat  the 
coastline,  where  wave  shoaling  occurred  An  enlargement  ol 
subswalh  t  of  the  September  27  data  is  presented  in  I  tguie 
I.  Note  that  the  streaks  are  always  parallel  with  the  flight 
path,  indicating  they  are  localized  scatterers  which  ate 
imaged  with  a  degraded  resolution  in  the  azimuth  direction 

I  he  observed  streak  lengths  are  smaller  than  the  s\  nthetk 
aperture  length  (i.e..  the  antenna  beamwidth  multiplied  h\ 
the  range  distance),  indicating  th.it  some  azimuth  compies 
sion  of  the  signals  is  occurring  I  lius  the  observed  lengths 
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are  apparently  determined  by  the  characteristics  of  the 
seatterers  and  are  not  limited  by  the  SAR  system  itself.  The 
signals  were  observed  to  persist  over  essentially  the  entire 
SAR  integration  time  b\  reducing  the  processor  integration 
time  and  noting  the  appearance  of  the  image  features,  figure 
2  show  s  a  set  of  enlarged  images  obtained  by  processing  data 
from  pass  10-3.  swath  B  with  three  different  integration  time 
settings.  The  antenna-limited  integration  time  is  approxi¬ 
mately  1.5  s  for  swath  B.  while  the  normal  processor  setting 
for  the  data  presented  elsewhere  in  this  report  corresponds 
to  an  integration  time  of  0.0  s  for  swath  B  Note  that 
although  there  is  a  slight  change  in  the  signal-to-noise  ratio, 
the  streaked  image  features  persist  and  their  appearance  is 
essentially  the  same  in  each  of  these  images.  The  lengths  of 
the  features  were  also  observed  to  be  relatively  unaffected 
by  changes  in  the  processor  focus  settings. 

The  lengths  of  the  image  streaks  increase  dramatically 
from  subswath  A  to  subswalh  I).  In  order  to  quantify  this 
range  dependence,  image  subsets  were  selected  from  the 
center  of  each  subswath  and  were  digitized  for  further 
analy  sis.  The  range  and  incidence  angle  at  the  center  ol  each 
subswath  is  shown  in  Table  V  The  method  of  measuring  the 
effective  azimuth  resolution  for  the  streaks  was  to  compute 
the  autocorrelation  function  for  the  images  using  fast  I  ourier 
transforms  If'TT)  of  the  digitized  data.  A  typical  set  of  Til's 
for  all  four  subswaths  of  one  of  the  data  segments  (pass  1 2-4 1 
is  shown  in  figure  14  of  the  companion  paper \Slun  lininn  <•/ 
<//..  this  issue|.  The  squared  amplitude  of  the  image  III  was 
inverse-transformed  to  yield  the  image  autocorrelation  func¬ 
tion.  One-dimensional  plots  of  the  autocorrelation  in  the 
azimuth  direction  for  pass  12-4  are  shown  in  f  igure  3.  These 
plots  apparently  contain  a  component  due  to  random  noise 
and  speckle,  which  is  manifested  as  a  narrow  spike  at  zero 
shift.  This  component  was  ignored  and  the  3-dll  w  idth  of  the 
wider  part  of  each  curve  was  measured. 

The  results  of  the  correlation  length  measurements  for  all 
six  passes  are  summarized  in  f  igure  4.  This  figure  shows  an 
approximately  linear  dependence  of  the  streak  lengths  on 


range.  Although  there  is  some  variability  in  the  lengths  at  a 
given  range,  this  variability  does  not  appear  lo  be  condoled 
with  either  Ihe  w  ind  or  the  wave  direction  (see  Table  2  i.  I  he 
lengths  for  the  September  2k  data  are  smallei  Ilian  tor 
September  27.  indicating  a  possible  dependence  on  the  wind 
speed.  The  kinds  of  scatlerer  motions  which  are  consistent 
with  these  observations  are  discussed  in  the  following  sec¬ 
tion. 

4.  I  111  OKI  i  u  \i  Cnssim  RVIIllXs 

The  image  features  described  in  the  previous  section 
represent  the  SAR  response  to  a  set  of  point  seatterers  which 
are  smeared  in  the  azimuth  direction  due  to  the  motion  oi  the 
finite  lifetimes  of  the  seatterers.  In  this  section,  we  review 
the  theory  which  describes  the  degradation  in  the  azimuthal 
resolution  lor  such  seatterers  and  calculate  the  dependence 
ol  the  resolution  on  the  range  and  incidence  angle. 

for  a  stationary  point  scatlerer.  the  nominal  azimuthal 
resolution  tp„)  of  a  SAR  image  processed  at  full  bandwidth  i- 

X  /) 

f'„  -  -  -  (It 

2  li  2 

where  X  is  the  radar  wavelength,  fi  is  the  antenna  beam- 

width.  and  /)  is  the  physical  length  of  the  antenna  in  the 

azimuth  direction.  The  radar  wavelength,  antenna  beam- 
width  and  other  system  parameters  for  the  AIM)- 10  system 
have  been  presented  above  The  resolution  indicated  by  <  1 1 
is  a  theoretical  limit  and  is  not  attained  in  practice  because  of 
uncorrected  platform  motions  as  well  as  target  motions.  I  he 
resolution  is  also  limited  by  the  bandwidth  or  integration 
time  of  the  processor.  This  effect  can  be  taken  into  account 
by  replacing  the  actual  antenna  hcamwidth  \i  by  an  ctlcclivc 
value  which  is  determined  by  the  processor  characteristics 
and  settings,  for  the  data  discussed  in  this  paper,  the 
processor  was  set  to  yield  an  effective  antenna  hcamwidth  ol 
0.0155  radians,  and  subsequent  multi-looking  was  done  to 
achieve  a  nominal  azimuth  resolution  of  3  for  stationary 
seatterers.  This  effective  hcamwidth  was  used  in  all  of  the 
calculations  involving  li  in  this  paper. 

The  resolution  indicated  by  1 1 1  is  realized  only  it  the 
seatterers  are  stationary  and  the  scattering  cross  section 
remains  constant  over  the  integration  time  interval 

UK 

I  (2 1 

\ 

during  w  hieh  the  scatlerer  is  within  the  antenna  beam,  vv  heie 
K  is  the  range  distance  to  the  target  and  t  is  the  platform 
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velocity.  If  the  radar  cross  section  fluctuates  during  this  time 
interval,  such  that  the  temporal  autocorrelation  function  of 
the  scattering  cross  section  has  a  width  r.  the  resolution  is 
reduced  [Tfo/iev.  14X0]  to 


The  coherence  time  t  which  enters  this  expression  corre¬ 
sponds  to  the  decorrelation  time  which  might  be  measured, 
for  example,  hy  a  scatterometer  mounted  on  the  SAR 
platform  if  the  scatterometer  were  able  to  track  the  object's 
position  continuously  during  the  time  T.  It  does  not  describe 
the  gross  motion  of  the  seattcrer  (which  is  accounted  for 
below )  but  may  be  due  to  random  particle  motions  w  ithin  the 
resolution  cell.  In  fact,  a  completely  equivalent  expression 
for  the  azimuthal  smearing  can  be  obtained  by  assuming  that 
the  feature  contains  a  distribution  of  radial  velocities  of 
width  M,  and  equating  M,  with  \/2t.  this  expression 
follows  directly  from  the  azimuthal  displacement  formula 

,  H 

Av  V,  -  (4| 

f 

given  by  Hunts  |I47||.  Such  a  model  would  also  predict  a 
fluctuation  in  the  power  received  from  the  resolution  cell  due 
to  interference  of  the  returns  from  each  scattering  center 
within  the  cell.  Note  that  this  model  implies  that  for  a  given 
physical  distribution  of  scatterer  velocities  the  coherence 
time  would  be  proportional  to  x.  In  fact,  however,  the 
scattering  elements  are  likely  to  be  different  for  widely 
different  radar  wavelengths,  so  this  proportionality  is  proba¬ 
bly  only  approximate  at  best. 

If  the  coherence  lime  is  much  smaller  than  the  integration 
time  7.  the  azimuth  resolution  is  approximately 

X/7 

/>,  a  (<il 

:i> 


Thus  if  the  coherence  time  were  proportion.il  to  \  .is 
suggested  above,  the  resolution  of  rapidly  lading  scatieict' 
would  he  independent  of  the  wavelength.  1  he  tesolution  is 
also  independent  of  the  antenna  beamwidth  oi  ptocc"oi 
integration  time.  Note  that  the  elfect  ol  scatterer  soheiensc 
time  depends  on  the  ratio  H  l  Typical  values  lot  A’  l  ate 
25-100  s  for  the  lT’D-4.  50-100  s  lot  the  I  RIM  (  (  Ks  \  mid 
I.  band  SAR.  and  120  s  for  SIvASAI  A  plot  ot  i>  i  versus 
range  for  the  API)- 10  system  is  shown  in  I  iguie  lot 
coherence  times  of  0.01  and  0.10  s.  It  is  important  to  note 
that  the  loss  of  resolution  due  to  coherence  time  is  a  tine 
smearing  and  not  a  defoeusing  and  is  therefore  not  recovet 
able  hy  a  change  in  the  processor  locus  or  integration  tune 
settings. 

In  addition  to  coherence  time  etfects.  the  SAR  azimuthal 
resolution  is  influenced  hy  gross  scatterei  motions  I  he 
motion  parameters  which  primarily  influence  the  azimuthal 
resolution  are  the  azimuth  component  of  the  velocilv  and  tin 
range  component  of  the  acceleration  Both  of  these  tv  pcs  ot 
motion  cause  a  defocusing  elfect  which  is  corrodible  h\  a 
change  in  the  locus  settings  of  the  processor  I  or  a  coherent 
scatterer  with  a  range  acceleration  the  azimuthal  resolu¬ 
tion  IRu/iev.  I47l|  is 


liK'u, 

P,.:  v. 

which  has  a  strongci  range  dependence  than  the  cohoiciico 
time  ellect  described  above  and  is  also  dependent  on  the 
antenna  beamwidth  or.  equivalently,  the  proecssot  integia 
lion  time  Ihelactoi  (t/7  \  vanes  from  about  into  I'Os 
across  the  swath  lot  the  API)- It).  I  or  the  1  KIM  (  (  RS  \ 
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The  asymptotic  expression  for  a.  X  2/  is 
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(b)  T  -  0.55  sec 


Fig  2.  Images  generated  from  pass  111-.' i.Seplembei  2N  I'*'’1*)  swath  H  daia  using  three  ddfeicnt  piocessor  integration 

time  settings:  lot  0  2"*  s;  On  OM  s.  n  I  0  M2  s 


and  /  hand  S AK.  this  factor  tvpicallv  t.mges  Item  about  '0 
to  2(M)  s  at  A  hand  and  front  '00  to  1200  s  at  /  hand,  while 
lor  SI  \S  A  [  it  is  approximate^  '(Mis  SAK  s\ stent  parame¬ 
ters  lor  the  SI  AS  A  I  and  I  KIM  (  (  RS  svstem  are  as 
follow  s 

SI  ASAI  S\K 

ft  range.  X40  km. 

V  platform  velocitv .  'kins 

fi  antenna  heuimwdlh.  0  02  tad 


IRIM  C'C  KS  A  /  hand  SAR 

ft  range.  0-12  km: 

\  platform  velocitv .  120  ms: 

fj  A  hand  antenna  hcamwidth.  0  010  rad 

,0  /  hand  antenna  hcamwidth.  0.122  rad. 

It  is  instructive  to  consider  the  elfeets  of  hon/ontal  and 
vertical  accelerations  scparnlelv  I  he  range  component  ol  a 
hon/ontal  acceleration  it,  is  given  h\ 

a.  n,  sm  0  cos  «.'>  iM> 
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where  is  Ihe  incidence  angle  and  <b  is  the  angle  between  the 
acceleration  vector  and  the  cross-track  direction.  Substitut¬ 
ing  this  into  (6)  results  in  the  effective  azimuthal  resolution 
shown  in  f  igure  5 h  for  the  APD-IO  system.  The  results 
plotted  in  Figure  are  for  three  look  directions  relative  to 
the  wave  propagation  direction,  assuming  a  horizontal  accel¬ 
eration  of  I  m  s'  in  the  direction  of  wave  propagation.  This 
value  for  a,,  is  a  liberal  estimate  based  on  the  wave  condi¬ 
tions  of  the  time  of  the  overflights. 

For  vertical  accelerations,  the  range  component  of  the 
acceleration  a,  is  given  by 

A 

a,  -  a.  cos  H  =  a,  —  (9| 

R 

where  .4  is  the  platform  altitude.  Thus  the  asymptotic 
expression  for  the  azimuthal  resolution  is 
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Average  streak  iengths  as  determined  from  widih  ol  ,uilc 
correlation  function  in  a/imulh  direction. 
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which,  like  the  coherence  time  effect,  varies  linearly  with 
range  and  is  independent  of  the  look  direction.  Unlike  the 
coherence  time  effect,  however,  the  effect  of  a  vertical 
acceleration  depends  on  the  processor  integration  time.  T  his 


can  be  understood  by  considering  that  the  longer  the  object 
is  observed,  the  greater  the  range  of  velocities  land  azimuth¬ 
al  displacements)  is  during  this  integration  time.  The  degra- 
dated  azimuthal  resolution  due  to  a  vertical  acceleration  is 
plotted  versus  range  in  Figure  5< .  assuming  vertical  accel¬ 
erations  of  I  nVs;  and  9.K  m  s:  li.e..  freely  falling  particles i 
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fig  S  Azimuth  resolution  lor  the  APU-10  svsicm  versus  i.mcc 
as  calculated  using  equations  given  by  Kant  i  llu'l.  l**K(i|.  foi  im 
stationary  seatlerers  with  coherence  times  of  (UK  and  (I  Id  s.  i /> i 
coherent  seatlerers  w  ith  a  horizontal  acceleration  of  I  in  s  and  three- 
look  directions,  and  ti  l  coherent  seatlerers  vulh  a  vertical  accelera¬ 
tion  of  I  m  s’  and  9  S  m  s;. 


An  additional  type  of  scattercr  motion  which  produces  a 
degradation  in  u/imutha!  resolution  is  a  velocity  in  ihc 
a/imnth  direction,  for  an  azimuthal  velocity  V  „.  the  azi¬ 
muthal  resolution  is  given  \Rnncy.  1971 1  by 

1 1 1 ) 

which  for  1,  •  A  [it  reduces  to 
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p.o  I  t  lit 

In  breaking  waves,  particle  velocities  can  approach  the 
phase  speed  of  the  wave,  which  was  of  the  order  of  lit  m  s 
for  the  dominant  waves  occurring  during  the  time  the 
MAR.iKN  data  was  collected  I  he  azimuth  smear  in  swath 
D  of  the  APD-IO  data  for  an  azimuth  velocity  of  10  ms 
would  be  approximately  hi  in.  which  is  much  smaller  than 
the  observed  smearing.  Thus  azimuthal  velocity  effects  do 
not  appear  to  play  a  major  role  in  the  formation  of  the 
observed  artifacts  in  the  MARSHN  APD-IO  data. 


s.  Disc  t  snion 

The  lengths  of  the  observed  image  streaks  in  the  M  AR¬ 
SKN  APD-IO  data  appear  to  increase  linearly  with  range  and 
to  have  a  maximum  length  of  about  ISO  m  in  swath  D.  No 
clear  dependence  on  the  look  direction  has  been  observed, 
although  the  streak  length  does  appear  to  depend  shghllv  on 
the  wind  speed  as  indicated  in  f  igure  4  and  I  able  I 

These  observations  are  consistent  with  a  scattercr  coher¬ 
ence  time  of  the  order  of  10  s  or  to  a  vertical  acceleration 
of  the  order  of  5  ms-.  The  coherence  lime  explanation 
appears  to  he  supported  hv  the  observation  that  the  streak 


lengths  do  not  change  significantly  when  the  processor 
integration  time  is  reduced  (figure  2l  or  the  locus  settings 
are  altered.  The  possibility  that  horizontal  accelerations  arc 
the  primary  cause  of  the  streaking  seems  to  be  ruled  out  bv 
the  lack  of  sensitiv  ity  to  integration  time  and  focus  adjust¬ 
ments.  bv  the  linear  rather  than  quadratic  range  dependence, 
and  by  the  fact  that  no  clear  dependence  on  the  look  angle  is 
observed  in  the  streak  lengths  Azimuthal  velocity  effects  do 
not  appear  to  be  capable  of  producing  features  as  long  as 
those  observed,  and  would  also  cause  a  more  pronounced 
look  angle  dependence.  Gross  scattercr  motions  (velocities 
and  accelerations)  may.  however,  cause  secondary  effects 


Incidence  Angle  (deg) 
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which  arc  measurable  m  the  SAR  processor  by,  virtue  of  then 
dependence  on  locus  and  integration  time 

1  he  scatterer  characteristics  which  explain  the  SAR  image 
tealures described  here  have  been  observed  by  other  investi 
gators  in  connection  with  breaking  or  near-breaking  waves. 
Breaking  waves  are  manifested  in  conventional  radar  obser¬ 
vations  ot  the  ocean  surface  as  a  burst  ol  very  high  radar 
return  lasting  for  about  a  second  hut  with  verv  rapid  fluctua¬ 
tions  in  amplitude  during  this  period  | Lima.  I974|.  High- 
resolution  X  band  measurements  have  indicated  the  si/c  of 
these  features  to  be  of  the  order  of  a  few  meters  and  the 
radar  cross  section  per  unit  area  ir„  to  he  about  1.5  at  near¬ 
grazing  incidence  |/.piWv  and  Oita.  I9H()|.  These  measure¬ 
ments  have  also  indicated  the  decorrelation  time  for  the 
radar  return  from  breaking  waves  to  he  of  the  order  of  It)  -  s 
at  A  band.  Other  investigators  have  measured  similar  decor¬ 
relation  times  at  incidence  angles  between  0  and  70  in  the 
North  Sea  under  a  variety  of  conditions  | Rnlrnath  ami 
Atpvrs.  1981 -.  Delator  amt  Hoovchoom.  I *4X2 1 .  Finally ,  mea¬ 
surements  of  the  Doppler  spectra  of  breaking  waves,  using  a 
coherent  A  band  radar  at  incidence  angles  of  55  and  70 
I  Keller  ct  al.,  1981]  have  indicated  handwidths  of  the  order 
ot  100  H/  which  also  imply  decorrelation  or  coherence  times 
of  the  order  of  10  s, 

L  s.ng  the  coherence  time  model  discussed  in  section  4. 
the  above  measurements  appear  to  imply  a  spread  of  radial 
velocities  of  the  order  of  a  few  meters  per  second  due  to  the 
turbulence  associated  with  breaking  waves.  A  model  ex¬ 
plaining  the  rapid  fluctuations  in  the  backscattered  signal 
from  breaking  waves  has  also  been  proposed  by  /.t  it  is  and 
Olin  (1980|.  This  model,  as  well  as  their  experimental  data, 
shows  similar  fluctuations  in  the  radar  return  from  steep  but 
unbroken  waves,  although  the  amplitude  of  these  returns  is 
much  lower.  Therefore  we  may  expect  that  not  all  of  the 
observed  image  features  are  due  to  actively  breaking  waves, 
but  the  brighter  features  are  very  likely  to  correspond  with 
such  waves.  Although  the  percent  of  the  images  cov  ered  by 
streaks  appears  to  be  larger  than  most  observations  of 
whitecap  formation,  it  must  be  remembered  that  the  area  of 
the  streaks  is  10-100  times  the  actual  area  of  the  features, 
due  to  the  smearing  effect  discussed  in  this  paper.  Prelimi¬ 
nary  estimates  of  the  actual  number  density  of  streaks  yield 
results  comparable  to  the  frequency  of  the  events  observed 
by  l.anum  t-fliiivins  and  Smith  i this  tssue|.  A  final  determi¬ 
nation  of  the  geophy  sical  source  for  these  features  will  await 
more  detailed  comparisons  with  in  situ  measurements  such 
as  those  of  LAinguet-Higgins  and  Smith 

b.  Summary 

It  is  concluded  that  the  streaked  image  features  which 
appear  at  higher  wind  speeds  in  the  API)- 10  SAR  data 
collected  during  the  MARSliN  experiment  tire  due  to  scat¬ 


tered  which  have  A  band  coherence  times  of  the  order  of 
10  •  s.  I  hese  coherence  times  are  consistent  with  conven 
tional  radar  observations  of  breaking  waves  It  is  thcieloic 
also  prov  isionallv  concluded  that  these  features  ate  due  lo 
the  phenomenon  of  wave  breaking 

Additional  ev  idcnce  for  or  against  this  conclusion  could  be 
obtained  by  comparisons  with  in  situ  observations  of  the 
frequency  of  wave  breaking  and  with  simultaneous  scatlvro- 
meter  data.  Such  comparisons,  as  well  as  examination  ol 
simultaneous  A  -/,  band  SAR  data,  are  planned  as  a  sequel  to 
this  study.  Additional  optical  processor  measurements  are 
also  planned  to  determine  the  magnitudes  of  the  secondary 
effects  due  to  gross  scatterer  motions. 
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Analysis  of  Remotely  Sensed  Long-Period  Wave  Motions 
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Department  of  Atnanphern  and  Ot  earn,  Siientt.  I'nisersits  <>l  Muluitnn.  Ann  Arhnr  \1n  Inean  4X1, in 
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Radar  and  Optics  Division.  lots  ironmcntal  Research  Institute  at  Mnliteitn.  Ann  Arhnr.  \h,  hicun  -IS  I  ,r 

Synthetic  aperture  radar  has  been  used  to  image  long-period  1 1 5-21X1  si  gravity  waves  m  the 
nearshore  region  of  Lake  Michigan  These  long-period  waves  are  a  response  of  the  sea  surface  to 
forcing  by  a  nonmonochromalic.  wind-generated  surface  wave  field.  The  s>  nthettc  aperture  radar  data 
were  successfully  compared  with  an  in  situ  wave  gauge  record  Both  one-  and  two-dimensional  fast 
Fourier  transforms  were  generated  from  near  and  offshore  regions  of  synthetic  aperture  radar  data 
The  synthetic  aperture  radar-derived  near  and  offshore  spectral  estimates  exhibited  both  low-  and 
high-frequency  wave  components.  Classical  hathy  metrically  controlled  wave  refraction  was  observed 
for  both  the  short  as  well  as  long  wave  components  of  the  sea  surface  This  paper  demonstrates  the 
ability  of  A  band  sy  nthetic  aperture  radar  to  detect  low -amplitude,  long-period  signals.  |  he  signals 
appear  to  correspond  to  a  surf  beat'  generated  by  the  incident  wind  wave  field. 


Introduction 

Since  the  initial  observations  of  long-period  1 30—300  si 
wave  motions  by  Munk  [1949]  and  Tucker  1 19501.  several 
conjectures  concerning  the  generation  and  propagation  of 
'surf  beats'  have  been  proposed  The  theoretical  develop¬ 
ment  of  Loiifiuel-Himiins  and  Stew  an  |l9b2]  employed 
interactions  of  a  nonmonochromalic  sea  to  generate  an 
amplitude-modulated  sea  surface.  I  h rough  the  use  of  the 
calculated  increased  radiation  stress  beneath  groups  ol  large 
waves  and  a  corresponding  decrease  in  the  stress  associated 
with  lower  waves,  a  forced  long-period  wave  is  generated  at 
the  beat  frequency.  Meadows  ||9"”|  showed  that  this  long 
period  forced  wave  propagated  at  the  short  wave  group 
velocity  and  was  observable  in  the  nearshore  /one  Similar 
ly.  l.ursen  |I979|  has  observed  long  period  forced  waves  in 
the  North  Pacific  which  appeared  to  have  been  generated  bv 
and  propagated  with,  the  modulated  sea  surface 

All  inferences,  as  well  as  previous  attempts  at  field 
verification  of  the  physical  characteristics  of  these  long- 
period  waves,  have  been  based  on  single  point  lime  series 
measurements  The  studies  of  Meadows  |I9'7|  represented 
the  first  two-dimensional,  synchronous  time  series  observa¬ 
tions  of  nearshore,  long  period  wave  motions  These  stud¬ 
ies.  however,  were  still  conducted  over  an  offshore  spatial 
interval  which  was  small  (of  the  order  of  half  the  wavelength) 
compared  to  the  wavelengths  of  the  forced  surf  beat. 

Investigation  of  the  backscatter  of  microwave  energy  from 
the  sea  surface  provides  a  unique  way  to  view  large  spatial 
regions  of  the  sea  surface  nearly  simultaneously  Synoptic 
coverage  of  wave  characteristics  as  available  from  synthetic 
aperture  radar  (SARl.  has  provided  a  three-dimensional  (two 
spatial  dimensions  and  radar  backscatter  modulation  l  repre¬ 
sentation  of  the  propagation  and  physical  characteristics  of 
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long-period  wave  motions  across  the  sea  surface.  Since  the 
intensity  of  radar  backscatter  can  be  related  to  the  character¬ 
istics  of  ocean  wave  propagation  [Gonzales  el  at..  1979: 
(Josser  and  H unites.  1979:  Sluiehman  and  Meadows.  19X0: 
St  hwah  et  al..  19X1 1.  definitive  information  is  now  available 
concerning  the  generation  and  propagation  of  these  wave- 
motions 

SAR  sea  surface  information  was  collected  over  a  region 
of  l  ake  Michigan  by  the  Environmental  Research  institute 
of  Michigan  tERIMl  At  the  time  of  the  SAR  overflight,  the 
l  mverxity  of  Michigan  Department  of  Atmospheric  and 
Oceanic  Science  was  operating  its  mobile  nearshore  wave 
and  current  monitoring  array  (  Meadow  s.  1979:  Meadow  s  el 
al  .  19X0:  Shut  Ion, in  and  Meadows.  1 9X0] .  The  concurrent 
acquisition  of  airborne  SAR  sea  surface  data  with  in  situ  sea 
truth  has  provided  a  valuable  opportunity  to  investigate  the 
three-dimensional  characteristics  of  a  complex  nearshore- 
wave  held  A  previous  paper,  utilizing  this  coincident  SAR 
and  in  situ  wave  gauge  data  \Shit,  hnuin  and  Meadows. 
19X0],  has  shown  SAR  can  successfully  image  the  incident 
wind-generated  gravity  wave  field.  This  paper  will  concen¬ 
trate  on  the  long-period  (15-200  s|  response  of  the  sea 
surface  to  forcing  by  a  nonmonochromalic.  wind-generated 
surface  wave  field  and  the  ability  of  SAR  to  image  success¬ 
fully  ese  subtle  surface  wave  motions. 

heory  of  Long-Pfriod  Wax  i  Gt  nt  ration 

Employing  the  classic  formulation  for  the  linear  interac¬ 
tion  oi  wo  sinusoidal  waves  of  differing  radian  wave  num¬ 
bers  k i  and  k:  and  radian  wave  frequencies  <r,  and  <r;.  a 
solution  for  the  resultant  sea  surface  is  possible  bv  simple 
superposition  of  these  wave  components  T  he  resultant  sea 
surface  p  is  a  function  of  both  space  i  and  time  i  and  is  given 
by 

pt  v .  I)  a  cos  t k  |  v  ir,n  •  a  c os  I k  -  v  o.l I  ill 

where  a  is  the  wave  amplitude  As  suggested  bv  Kinsman 
|l9bS|  |or  the  condition  when  the  two  component  waves  are 
very  nearly  the  same  length  and  period,  such  that 
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where  Ak  -  A,  -  k;  and  Aa  -  at  -  os.  then 

kt  ~  k2  IT |  «  O; 

Hence  the  amplitude-modulated  sea  surface,  as  a  function 
of  distance  in  the  propagation  direction,  may  he  expressed  as 

,  (\k  \ 

9<-v)  -=  2a  cos  —  .V  I  COS  (Ax)  (2) 

and  as  a  function  of  time  as 


Since  Ak  <§:  A  and  Aa  a.  the  spatial  and  temporal  scales  of 
the  modulation  are  very  long  compared  to  the  individual 
wave  components  which  comprise  the  group.  This  interfer¬ 
ence  pattern  results  in  the  generation  of  groups  of  large 
waves  separated  by  groups  of  small  waves  (see  Figure  I  from 
Longuel-Higgins  and  Stewart  [1962]).  The  length  of  the 
long-period  modulation  is  given  by  Kinsman  1 1%5J  as 

477 

f-nHHl  “  (4) 

Ak 

while  the  period  of  the  modulation  is 

4tt 

Tmo,J  “  ( 5 1 

Aa 

The  distance  between  successive  groups  of  high  waves  is 
therefore  4  Tmod,  and  the  corresponding  time  interval  is  I 

frriiKl  ■ 

Consider  a  conventional  right-handed  rectangular  coordi¬ 
nate  system  with  the  x  axis  horizontal  and  in  the  direction  of 
wave  propagation  and  the  ;  axis  vertical  and  upward.  Let  it. 
v.  and  w  be  the  velocity  components  in  the  x.  v.  and 
directions.  respectively,  and  let  p.  p.  and  g  denote  the 
pressure,  density,  and  gravitational  acceleration,  respective¬ 
ly.  Also,  let  the  free  surface  be  given  by  the  equation  r  - 
tj(x,  y,  t).  where  /  is  time,  and  the  rigid  horizontal  bottom  by 
the  equation  ;  =  -/». 

When  the  length  of  the  modulated  wave  groups  are  long 
compared  to  the  local  water  depth,  changes  in  the  mean  sea 
level  and  the  wave  mass-transport  correspond  to  those  that 
would  result  from  an  applied  horizontal  force,  in  this  case 
the  radiation  stress  [ Whithum ,  1962;  Longuet-Higgins  and 
Stewart.  I962|.  For  this  condition,  the  flux  of  momentum 
across  an  x  =  constant  vertical  plane  is  given  by  Longttet- 
Higgins  and  Stewart  [1962]  as 


S  = 


. 


Ip  +  plC)dz 


(6) 


where  the  radiation  stress  5,  is  the  difference  between  5  and 
the  contribution  due  to  the  hydrostatic  pressure; 


5,  = 


T7, - —  r 

ip  +  pu2)dz  ~ 

.  -* 


pglv  -  z.)dz 


=  S  -  \pgih  +  ij)2 
which  is  approximately  equal  to 

~  .V  -  pgl{  h2  +  hi)) 


(7) 


where  the  overbars  denote  time  averages.  For  the  condition 
of  long  waves  in  shallow  water,  the  vertical  accelerations  are 


C-2 


assumed  negligible,  hence,  correct  to  second  order 


-V, 


<K) 


where  E  is  the  wave  energy  per  unit  horizontal  area  and  is 
defined  as 


E  =  1  pga2 

Cs  in  (8)  denotes  the  deep  water  group  velocity  of  the  waves, 
and  C  is  the  phase  speed  of  the  individual  waves. 

Conservation  of  mass  and  momentum  may  be  expressed 
as 

hi  pi?)  hM 

-JLL  + -  =  0  (9) 

lit  fix 

and 


hM  ci  S 

-  +  -  =  0 

ht  hx 


(10) 


where  M  is  the  mean,  vertically  integrated  horizontal  mo¬ 
mentum  given  by 


Substituting  for  ,S,  from  (7),  the  momentum  equation  may  be 
written  as 


hM  cl  .  hS  i 

—  +  gh  —  ip  Tj)  = - — 

lit  dx  clX 


(12) 


Since  the  applied  force  -hS,idx  travels  with  the  group 
velocity,  elicit  may  be  replaced  with  -Cehlhx.  which  upon 
substitution  into  (9)  and  (12)  gives 


„  Hr)  hM 

-pC,  —  + -  =0 

hx  fix 


(13) 


and 


pgh 


hx 


C, 


hM 

hx 


fix 


(14) 


The  solution  to  this  set  of  equations  is  given  by  Longuet- 
Higgins  and  Stewart  [1962]  as 


and 


drj 

(  '  ' 

\  hS> 

p  —  _  - 

dX 

)  to 

dM 

1  c*  ) 

hS, 

dx 

-  c2) 

hx 

(15) 


(16) 


Upon  integration,  the  free  surface  elevation  and  mean  hori¬ 
zontal  momentum  become 


S, 

and 

C„.V, 

M  - - s-:-r- 

(gh  -  cyi 

respectively. 


(17) 
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Fig.  I .  Schematic  representation  of  the  forced  long-period  mod¬ 
ulation  of  the  surface  resulting  from  short  wind-generated  wave 
component  interactions  (from  Lonnuet-Hittnins  and  Swart.  196?' 


The  interpretation  suggested  by  Lonftaet-Hini’ins  and 
Stewart  [1962)  is  as  follows: 

It  will  be  noticed  that  beneath  a  group  of  high  waves,  where  .V, 
and  £  are  both  large.  >)  and  ii  arc  more  negative,  that  is  to  say 
there  is  a  relative  depression  in  the  mean  surface  level,  coupled 
with  a  mean  flow  opposite  to  the  direction  of  wave  propagation. 
Beneath  a  group  of  low  waves,  on  the  other  hand,  the  mean 
surface  level  is  raised  and  the  flow  is  positive. 

(See  Figure  I .) 

Sf.a  Surface-SAR  Interactions 

It  is  generally  accepted  that  the  scattering  of  microwave 
energy  from  the  sea  surface  is  a  Bragg-Rice  resonance 
phenomenon  [Wright.  1968],  thus  making  the  received  radar 
image  particularly  sensitive  to  capillary  and  short  ultragra¬ 
vity  ocean  surface  waves.  Nonlinear  interaction  of  these 
short  waves  with  longer  period  wave  motions  is  the  subject 
of  much  research  [ Phillips .  1981;  Lon^uett-Hiuftins  and 
Stewart,  1964,  McGoldrick,  1970.  1972].  It  is  generally 
agreed,  however,  that  the  short  wavelengths  are  increased  in 
the  troughs  of  the  long  waves  and  that  the  correspondingly 
short  wave  height  is  decreased.  Conversely,  on  the  wave 
crest  of  the  long  waves,  the  short  wave  height  is  increased 
and  the  short  wavelength  is  decreased.  Both  effects  act  to 
increase  the  sea  surface  roughness  in  the  crest  regions  of 
long  waves  and  correspondingly  decrease  the  roughness  in 
the  trough  region  ( Phillips ,  1981].  The  radar  backscatter 
increases  as  a  function  of  increasing  sea  surface  roughness, 
thus  producing  regions  of  intense  radar  backscatter  from 
modulated  long  wave  crests  and  diminished  radar  return 
from  modulated  long  wave  troughs.  Furthermore,  it  also 
appears  that  the  existence  of  a  surface  capillary  or  ultragra¬ 
vity  wave  field  is  a  necessary  condition  to  provide  radar 
images  of  long-period  ocean  internal  wave  motions. 

The  proposed  physical  mechanism  for  the  indirect  imaging 
of  ‘surf  beats'  by  radar  backscatter  is  as  follows.  A  modulat¬ 
ed.  wind-driven,  capillary/ultragravity  wave  field  exists  in 
conjunction  with  a  shoreward  propagating,  nonmonochro- 
matic,  gravity  wave  field.  Nonlinear  capillary-gravity  wave 
interactions  occur  which  produce  increased  surface  rough¬ 
ness  on  the  crests  of  the  gravity  waves  and  decreased 
surface  roughness  in  the  troughs.  Concurrently,  similar  but 
slightly  different  gravity  wave  components  of  the  nonmon- 
ochromatic  wave  field  are  interacting  to  form  surf  beats 
consisting  of  groups  of  high  waves  separated  by  groups  of 
low  waves.  These  wave  groups  produce  corresponding  de¬ 
pressions  and  relaxations  of  the  mean  water  level  in  re¬ 
sponse  to  fluctuations  of  the  applied  radiation  stress.  Hence 
a  forced,  long-period  wave,  traveling  at  the  group  velocity  of 


the  wind  wave  packet,  is  generated.  Bright  radar  returns, 
therefore,  should  correspond  to  groups  of  high-gravity 
waves  and  corresponding  troughs  of  the  forced  long-period 

waves. 

Da  i  a  Description 

The  synthetic  aperture  radar  (SAR)  used  to  collect  the 
data  is  the  ERIM  X  and  /.  band  dual  polarized  radar 
described  by  Raw  son  et  ul.  11975],  The  ERIM  SAR  system 
records  four  channels  of  radar  return,  but  we  will  focus  our 
attention  here  on  the  A’  band  horizontal-transmit-hori/ontal- 
receive  (HH)  channel,  as  this  data  provided  the  clearest 
wave  images.  The  SAR  was  flown  at  an  altitude  of  6100  m 
and  operated  with  a  center  incident  angle  from  the  vertical  of 
20°,  yielding  a  swath  width  of  5.6  km  The  cross-track  or 
range  resolution  of  SAR  is  limited  by  radar  bandwidth  and  is 
about  2  m  for  X  band.  The  along-track  or  azimuth  resolution 
is  obtained  from  the  synthetic  aperture  technique  described 
by  Brown  and Poreello  1 1968|.  For  the  A  hand,  the  azimuthal 
resolution  is  about  2.5  m.  This  SAR  data  was  processed  on 
the  ERIM  tilted-plane  precision  optical  processor  described 
by  Kozma  et  al.  11972], 

The  SAR  data  was  collected  on  October  1  .  1978.  at 
approximately  1635  EST.  The  airborne  data  was  collected 
along  the  shoreline  of  Lake  Michigan  centered  at  latitude 
43°50'  N.  The  site  for  this  field  experiment  as  shown  in 
Figure  2  was  the  eastern  shore  of  Lake  Michigan,  between 
the  cities  of  Ludington  and  Pentwater.  Michigan.  This 
thirteen  kilometer  section  of  shoreline,  extending  approxi¬ 
mately  north-south,  is  characterized  by  a  multiple-barred 
bathymetry  with  nearly  straight  and  parallel  contours. 

At  the  same  lime  as  the  ERIM  flight,  the  University  of 
Michigan  Department  of  Atmospheric  and  Oceanic  Science 
was  operating  its  mobile  surf  zone.  wave,  and  current 
sensing  array  \  Meadows,  1979).  Monitoring  of  incident  wave 
characteristics  and  longshore  current  velocities  was  con¬ 
ducted  through  the  growth  of  a  major  storm  on  Lake 
Michigan.  A  detailed  discussion  of  the  experimental  design 
is  presented  by  Wood  and  Meadows  ( 1 975  J  and  Meadows 
11977],  Surface-piercing,  step-resistance  wave  probes  and 
bidirectional  ducted  impeller  flow  meters  were  used  to  make 
simultaneous  measurements  of  wave  and  current  conditions. 
These  sensors  were  oriented  on  a  line  perpendicular  to 


Fig  2.  General  study  area  showing  nearshore  hathymctr\  ami 
location  of  fast  Fourier  transformed  S  AR  data 
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shore,  extending  from  the  beach  to  the  outer  surf  zone. 
Other  coastal  sensing  equipment  included  a  directionally 
mounted  motion  picture  camera  and  Lagrangian  drifters. 
Unfortunately,  high  wind  and  wave  action  on  October  17  and 
18  destroyed  much  of  the  array;  however,  sufficient  sensors 
survived  to  make  this  comparative  study  possible. 

Methods 

The  SAR  collected  data  were  digitized  with  an  approxi¬ 
mate  resolution  of  6  m  (3-m  pixels)  by  using  the  BRIM 
hybrid  image  dissector  [Ausherman.  1975],  The  range  coor¬ 
dinates  of  the  digitized  data  were  analytically  corrected  for 
slant-to-ground  range  geometry  [ Feldkamp ,  1978).  Two  1.5 
x  1 .5  km  subsections  (see  Figure  2)  with  6-m  resolution  were 
extracted  from  the  digitized  data.  The  two  sections  are 
labeled  A  and  B,  where  A  is  closest  to  shore. 

The  3.0-m  pixel  digitized  SAR  images  were  converted  to  6- 
m  samples  by  4  pixel  into  2  pixel  averaging  in  order  to 
decrease  the  speckle  in  the  image.  The  average  value  of  each 
azimuthal  line  was  subtracted  from  the  line  to  remove  the 
trend  of  intensity  falloff  with  increasing  range  distance.  Two- 
dimensional  fast  Fourier  transforms  (FFT's)  were  performed 
on  each  256  x  256  cell  subsection  to  yield  raw  directional 
wave  number  spectra  with  a  Nyquist  wave  number  of  0.5 
m  The  raw  spectra  were  smoothed  by  replacing  each 
value  with  the  average  of  the  surrounding  5  x  5  cell.  The 
approximate  number  of  degrees  of  freedom  for  the  resulting 
spectrum  is  142  [ Kinsman ,  1965).  The  99%  confidence  limits 
are  then  ±1.5  dB  [Jenkins  and  Watts.  1 968 1 . 

In  addition  to  the  two-dimensional  FFT  analysis,  five 
isorange  SAR  backscatter  records  1.5  km  long  were  ana¬ 
lyzed  by  using  both  a  one-dimensional  spectral  analysis  and 
a  band  pass  filtering  program.  This  one-dimensional  analysis 
was  performed  on  the  SAR  data  to  better  quantify  the  long- 
period  components  of  the  prevalent  wave  field.  To  perform 
this  analysis,  five  adjacent  isorange  lines  of  data  were 
extracted  from  the  digital  image  corresponding  to  the  center 
of  both  study  areas  A  and  B.  These  lines  were  then  averaged 
or.  in  effect,  smoothed  in  the  range  direction;  this  was  done 
to  reduce  the  speckled  nature  of  the  SAR  data.  The  averaged 
lines  were  then  plotted  in  order  to  characterize  the  relative 
backscatter  across  these  study  areas.  These  data  were  then 
selectively  filtered  for  wavelengths  between  177  and  1 180  m 
for  study  area  A  and  from  249  to  1660  m  for  study  area  B. 
This  wavelength  filtering  corresponds  to  the  temporal  region 
of  interest,  15-200  s. 

To  calculate  the  directional  wave  spectrum  at  the  instru¬ 
mented  surf  zone  site,  a  16-min  analog  record  was  digitized 
at  0.25-s  intervals  and  analyzed  by  using  conventional  one¬ 
dimensional  fast  Fourier  transform  techniques.  The  direc¬ 
tional  information  was  obtained  from  the  directionally 
mounted  camera.  One-dimensional  spectral  analysis  using  a 
FFT  routine  was  performed  on  the  total  16-min.  outer  surf 
zone  water  level  elevation  time  history.  The  smoothed 
spectrum  resulting  from  this  analysis  is  presented  in  Figure 
3.  This  spectrum  exhibits  a  well-defined  broad  peak  in  the 
wind  wave  range  (2-8  s).  composed  of  multiple  components. 
This  spectrum  is  characteristic  of  locally  generated  seas.  In 
addition,  this  spectral  analysis  has  also  identified  significant 
long-period  wave  motion  at  specific  periods  of  17.2  and  32.3 
s  and  a  less  significant  peak  at  approximately  59  s.  These 
nearshore  spectral  estimates  were  obtained  from  a  continu¬ 
ous  digital  record  consisting  of  3840  equally  spaced  values  at 


0.25-s  intervals.  The  80%  confidence  band  lies  between  I  42 
and  0.62  times  the  spectral  estimate  and  is  indicated  on 
Figure  3  [Kinsman.  I965|. 

Based  upon  these  results,  this  total  water  level  elevation 
record  was  band  pass  filtered  to  retain  only  surface  wave- 
motions  with  periods  between  15  and  200  s.  A  representative 
portion  of  the  original  and  band  pass  filtered,  long-period 
records  is  presented  in  Figure  4.  It.  therefore,  appears  that 
significant  long-period  wave  motions  are  present  in  the 
nearshore  region  with  a  mean  amplitude  of  approximately 
10%  of  that  of  the  incident  wind  waves.  These  results  agree 
favorably  with  the  finding  of  Meadows  and  Wood  (1982) 
where  both  progressive  as  well  as  standing  long-period  wave 
motions  were  observed  in  the  nearshore  region.  The  ques¬ 
tion  arises,  however,  as  to  the  generation  mechanism  of 
these  waves.  It  is  the  hypothesis  of  the  authors  that  these 
long-period  waves  are  formed  as  a  result  of  nonlinear 
interactions  between  the  dominant  wind-wave  components 
and  that  they  propagate  as  forced  waves  at  the  group 
velocity  of  wind-generated  waves.  Hence  it  should  be  antici¬ 
pated  that  these  wave  motions  should  exist  somewhat  homo¬ 
geneously  across  the  sea  surface  provided  that  wind  waves 
of  sufficient  amplitude  and  prescribed  frequency  exist. 

Analysis 

Synthetic  aperture  radar  provides  a  unique  perspective 
from  which  to  investigate  this  hypothesis,  namely,  that  long- 
period  surf  beats  are  generated  by  and  propagate  with  the 
wind  wave  field.  The  nearly  simultaneous  view  of  a  relative¬ 
ly  large  spatial  region  of  the  sea  surface  provided  by  either 
an  airborne  or  spaceborne  SAR  affords  an  ideal  measure¬ 
ment  tool  for  these  wave  motions.  To  examine  this  capabili¬ 
ty.  the  results  of  both  the  SAR  two-dimensional  and  the 
nearshore  in  situ  wave  gauge  data  series  will  be  evaluated. 

Results  of  the  nearshore  step  resistance  wave  gauge 
spectral  analysis  have  indicated  several  well-defined  peaks 
in  the  wind  wave  range.  In  addition,  two  long-period  peaks 
at  17.2  and  32.3  s.  respectively,  were  also  well  resolved.  A 
poorly  resolved  spectral  peak  is  also  apparent  at  approxi¬ 
mately  59  s.  Linear  combinations  of  the  dominant  w  ind  w  ave 
components  are  formed  in  Table  1  to  produce  their  respec¬ 
tive  beat  periods.  It  may  be  noted  that  the  dominant  wind 
wave  components  of  5.6.  4.8.  and  4.2  s  combine,  theoretical¬ 
ly.  to  form  beats  of  16.8  and  33.6  s.  respectively.  These 
calculated  beat  periods  are  very  close  to  those  periods 
resolved  by  the  spectral  analysis  of  the  total  16-min  watei 
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FREQUENCY  (HZ) 

Fig  1.  One-dimensional  wave  height  spectrum  of  water  surface 
elevation  time  history  from  resistance  wave  gauge  Dominant  wave 
periods  are  identified 
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Fig.  4.  Representative  section  of  16-min  time  history  of  water  elevation  data  from  resistance  wave  gauge  Also 
shown  is  the  corresponding  15-200  s  band  pass  filtered  data  (Note  the  negative  correlation  I  ISO  phase  shift  1  between 
the  wind  wave  amplitudes  and  the  mean  surface  level  ! 


surface  elevation  recorded  from  the  nearshore  wave  gauge. 
It  therefore  appears  that  forced  long-period  wave  motions 
were  present  in  the  nearshore  region  resulting  from  the 
nonlinear  interaction  of  the  dominant  wind  wave  compo¬ 
nents. 

The  energy  associated  with  these  long-period  forced 
waves  is  an  order  of  magnitude  below  that  of  the  peak  in  the 
wind  wave  spectra.  Theoretical  calculations  of  the  maximum 
mean  surface  deformation  from  (17)  suggest  a  forced  wave 
height  of  approximately  0.38  m.  The  energy  associated  with 
the  forced  wave  would  be  approximately  a  factor  of  8.4  less 
than  that  associated  with  the  peak  wind  wave  component.  It 
appears  that  long-period  wave  motion  in  the  nearshore 
region  is  present  with  both  a  period  and  an  amplitude  close 
to  theoretical  predictions. 

To  further  identify  these  long-period  wave  motions,  the 
total  16-min  water  surface  elevation  record  from  the  near¬ 
shore  wave  gauge  was  band  pass  filtered  for  periods  between 
15  and  200  s.  A  representative  portion  of  the  original  water 
surface  elevation  record  and  its  associated  long-period  com¬ 
ponent  are  presented  in  Figure  4.  This  series,  as  well  as  the 
data  of  Meadows  [1977],  suggests  that  the  mean  surface  level 


TABLE  I.  Calculated  Beat  Periods 


Input 

Compo- 

Input  Component 

s,  s 

nenls.  s 

5  6 

4.8 

4.2 

1.0 

2.6 

s  .6 

11.6 

16.8 

6  5 

4  M 

4  X 

11  6 

8.0 

5.7 

4.2 

10.5 

6.8 

1.0 

2  6 

19  5 

is  !8(T  out  of  phase  with  the  wind  wave  amplitudes  As 
theoretically  suggested,  this  implies  that  depressions  in  the 
water  surface  are  associated  with  groups  of  large  waves  and 
long-period  elevations  of  the  water  surface  correspond  to 
groups  of  low  waves. 

Based  upon  these  considerations.  SAK  imagery  of  a 
relatively  large  region  of  the  sea  surface  should  also  exhibit 
these  long-wave  features.  In  an  effort  to  investigate  this 
potential  of  SAR.  a  manual  photo-interpretation  of  the  radar 
image  film  was  performed.  A  portion  of  the  .V  band  (HHl 
SAR  data  collected  over  the  Lake  Michigan  test  site  is 
presented  in  Figure  5.  The  image  extends  7.9  km  offshore 
and  is  5.6  km  wide.  Alternating  groups  of  large  and  small 
wind  wave  packets  can  be  readily  seen  across  this  image.  At 
three  representative  locations  across  this  nearshore  imagery . 
the  long-wave  lengths  are  indicated  on  the  figure.  As  these 
long  waves,  forced  by  short-wave  groups,  propagate  shore¬ 
ward.  both  wavelength  compression  and  refraction  are  plain¬ 
ly  observable.  The  long  wavelengths  decrease  from  approxi¬ 
mately  510  m  (area  B)  to  approximately  410  m  (area  Ai. 
These  radar  observations  of  the  long  wave  components  of 
surface  elevation  are  in  excellent  agreement  with  sea  truth 
measurements  made  at  the  outer  surf  /one. 

To  further  document  the  existenee  and  propagation  char¬ 
acteristics  of  these  SAR-sensed  long  wave  components,  a 
conventional  two-dimensional  FFT  of  the  radar  backseat- 
tered  energy  was  performed.  One  FFT  analysis  was  per¬ 
formed  in  both  the  offshore  and  nearshore  regions  of  the 
aircraft  swath.  The  SAR  FFT's  were  generaled  b\  (he 
algorithm  described  by  Shut  liman  ft  til.  1 1 979] .  However,  in 
this  application,  only  the  long  wave  portion  of  (he  spectrum 
is  of  interest.  For  a  detailed  discussion  of  the  total  SAR 
sensed  wave  spectra  and  associated  sea  truth  sec  Shut  liman 
ami  Mentions  |I980|.  A  summary  of  the  general  sea  state 
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Fig  5.  X  band  (HH)  SAR  image  of  test  site  showing  long-period  wave  components 


conditions  during  this  experiment  as  well  as  a  comparison  of 
the  SAR-derived.  wind-generated  sea  spectral  estimates  to 
sea  truth  are  presented  in  Table  2. 

In  the  offshore  region,  the  SAR-derived  spectral  analysis 
resolved  a  long-wave  component  with  energy  concentrated 
at  a  wavelength  of  approximately  511  m.  traveling  in  a 
direction  of  025  ±  3°T.  Similarly,  in  the  nearshore  region,  a 
long-wave  component  of  408  m  wavelength  traveling  at  035 
±  3°T  was  resolved.  The  nearshore  and  offshore  two- 
dimensional  FFT's  are  shown  in  Figures  6  and  7.  respective¬ 
ly.  Also  shown  on  each  of  the  figures  is  the  one-dimensional 
plot  of  the  low-frequency  components  versus  relative  ener¬ 
gy.  These  estimates  of  long-wave  characteristics  exhibit  two 


important  properties.  First,  the  long  wavelengths  are  in 
excellent  agreement  with  the  representative  offshore  wave 
group  dimensions  derived  from  the  SAR  image  him.  Second, 
the  degree  of  observed  refraction  from  the  offshore  to  the 
nearshore  region  of  these  forced  long-period  w  ave  motions  is 
also  in  close  agreement  with  the  sea  truth  as  well  as  with  the 
calculated  wave  refraction  for  the  dominant  wind  wave 
components.  A  comparison  of  SAR-derived  and  sea  truth 
wave  characteristics  is  presented  in  Table  3. 

Furthermore,  the  two  directly  observed  quantities  which 
determine  the  propagation  of  these  SAR  and  sea  truth  sensed 
long-period  wave  motions  are  the  length  and  period  of  the 
modulated  wave  group.  The  lengths  of  the  dominant  long- 


TABLF  2.  Comparison  Between  (he  SAR-Derived  Surf  Zone  Conditions 
and  ihe  in  Siiu  Sea  Truth 


SAR-Derivcd  F.stimates  Sea  Truth* 


Distance 

From  Shore, 
m 

Depth, 

m 

Dominant 
Short- Period 
Wavelengths, 
m 

Direction, 

T 

Dominant 

Short-Period 

Wavelengths. 

m 

Direction. 

T 

900 

10.5 

48 

35  ♦  3 

48 

34  •  2 

43 

44 

2200 

14.0 

55 

30  *  3 

54 

30  •  2 

44 

4600 

27.0 

55 

25  .♦.  3 

ss 

;x  •  : 

43 

46 

48 

6900 

31.0 

SS 

25  *  1 

55 

2S  •  2 

48 

4h 

“Actual  measurements  made  at  surf  /one.  values  for  lest  areas  are  depth-corrected  I  Shin  Imam  urn/ 
Wrailmvi.  I9KII] 
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Fig.  f).  SAR-derived  two-dimensional  spectral  estimate  (nearshorel.  (Note:  Negative  wave  numbers,  frequencies, 
and  periods  are  included  due  to  the  symmetric  nature  of  a  two-dimensional  FF'T.  The  frequency  and  period  axes  assume 
shallow  water  waves,  see  text  for  further  explanation.! 


period  waves  were  obtained  from  the  SAR-denved.  two- 
dimensional  FFT  Similarly,  the  periods  of  the  dominant 
long-wave  components  were  obtained  from  a  one-dimcn- 
stonal  spectral  analy  .is  of  the  nearshore  wave  gauge  data. 
By  combining  equations  (4)  and  (51,  the  celerity  of  these 
modulated  long-penod  waves  may  be  expressed  as 

...  f-mtsl 

f  mikl  ~  -.  (  l^i 

*  rm*d 

The  calculated  long-period  wave  celerity  utilizing  both  the 


SAR  and  wave  gauge  measured  dominant  long-period  wave 
parameters,  results  in  values  of  12.0  ms  1  and  15. H  ms  1  for 
areas  A  and  B.  respectively.  It  is  interesting  to  note  that 
assuming  these  long-period  waves  are  propagating  as  shal¬ 
low  water  waves  with  celerity  given  by 

\  i vJ  1 20) 

long-period  wave  celerities  of  1 2.0  ms  1  and  10. X  ms  1  arc- 
calculated  for  areas  A  and  B.  respectively.  On  the  basis  of 
this  close  agreement,  it  appears  that  these  observed  long- 


TABl.K  V  Comparison  Between  the  Long-Period  SAR-Derivcd  Spectral  Hstimates 
and  (he  in  Situ  Sea  Truth 


SAR-Derived  Lstlmatcs  Sea  Truth* 


Test  Area 

Distance 
From  Shore, 
m 

Depth, 

m 

Dominant 
Long- Period 
Wavelengths, 
m 

Direction. 

r 

Dominant 

Long-Period 

Wavelengths. 

m 

Direction. 

r 

A  ( Nearshore J 

2050 

10.2 

157-107 

35  *  3 

210 

M  -  2 

01-427 

400 

B  (Offshore) 

5800 

28.7 

498-525 

25  *  3 

288 

28  •  2 

54 1 

‘Actual  measurements  made  at  the  surf  /one;  values  for  test  areas  A  and  B  arc  depth-corrected 
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Fig.  7  SAK-derived  two-dimensional  spectral  estimate  (offshore).  (Note:  Negative  wave  numbers,  frequencies, 
and  periods  are  included  due  to  the  symmetric  nature  of  a  two-dimensional  F’FT.  The  frequency  and  period  axes  assume 
shallow  water  waves;  see  text  for  further  explanation.) 


period  wave  motions  are  propagating  as  shallow  water 
waves  and  not  as  forced  waves  as  suggested  from  theory. 
This  apparent  discrepancy  arises  from  a  complex  interaction 
between  the  relatively  short,  steep,  locally  generated  waves 
and  the  shallow  bathymetry  of  this  region.  The  theoretical 
formulation  employed  in  this  study  is  based  upon  the  as¬ 
sumption  that  the  character  of  the  SAR-sensed  modulated 
sea  surface  is  a  function  of  AK  of  the  wind  wave  compo¬ 
nents,  and  that  AA  <e  AC ,.  Hence,  for  limited  fetch  situations 
such  as  the  conditions  of  this  study,  the  two  wind  wave 
components  separated  by  SK  do  not  explicitly  satisfy  the 
mathematical  constraint  of  A K  K,.  This  produces  a 
modulated  long-period  wave  which  is  not  completely  'phase 
locked'  with  the  short  wave  components  and,  in  fact, 
appears  to  propagate  as  a  shallow  water  wave. 

The  close  agreement  between  the  long-period  celerity 
derived  above  and  that  predicted  for  a  shallow  water  wave 
prompted  the  inclusion  of  frequency  and  period  axes  on  the 
various  plots  in  Figures  6  and  7.  Recall  that  the  SAR  only 
provides  a  spatial  measure  of  waves,  therefore,  the  only 
true'  axes  in  Figures  6  and  7  is  that  for  wave  number.  The 
frequency  and  period  axes  are  both  based  on  the  shallow 
water  wave  assumption  for  a  given  wave  number.  They  arc 
not  derived  from  any  physical  measurements 

To  document  further  the  existence  and  character  of  the 


SAR-sensed  long-period  wave  motions,  one-dimensional 
scans  of  the  raw  radar  backscatter  were  obtained.  One 
spatial  series,  consisting  of  512  digital  values  sampled  at  .7  m. 
was  obtained  from  each  of  the  two  regions  where  the  two- 
dimensional  FFT  analysis  was  performed.  Area  A  was 
centered  2650  m  offshore  and  area  B  was  centered  at  5800  m 
offshore.  The  total  series  of  radar  backscatter  as  well  as  their 
associated  band  pass  filtered  ( 177-1  ISO  m.  area  A  and  249- 
1660  m.  area  B)  long-period  components  are  presented  in 
Figure  8.  Once  again,  long-period  oscillations  of  the  radar 
backscatter  intensity  are  clearly  visible,  with  maximum 
radar  return  occurring  in  phase  w  ith  peaks  of  the  long-period 
oscillations  (i.e..  groups  of  large  wind  waves).  These  SAR- 
sensed,  long-period  oscillations  represent  approximately  a 
1.5-dB  change  in  radar  backscatter  intensity  from  crest  to 
trough.  The  dynamic  range  of  the  total,  unfiltered  radar 
backscatter  intensity  is  approximately  5.2  dB.  Hence  the 
energy  associated  with  these  radar-sensed  long-period  oscil¬ 
lations  is  approximately  a  factor  of  2.7  less  than  the  energy 
of  the  radar  backscatter  associated  with  the  wind  wave 
components  of  the  sea  surface  structure. 

Summary 

It  appears  that  a  direct  correlation  exists  between  the 
amplitude  of  these  long-period  wave  motions,  as  sensed  in 
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situ,  and  the  long-period  component  of  the  radar  backscat- 
ter.  From  the  sea  truth  measurements,  the  ratio  of  short- 
period  wave  to  long-period  wave  mean  amplitude  is  5.4. 
Similarly,  for  the  radar-sensed  long  period  oscillation  this 
ratio  is  approximately  6.(1.  Kmisthkc  |I9X0]  has  reported  a 
linear  relationship  between  SFASAT  SAK  modulation  depth 
tcrest-to-trough  intensity)  and  wave  height. 

Investigation  of  the  information  contained  in  the  backscat- 
ter  of  microwave  energy  from  the  sea  surface  can  provide 
detailed  and  nearly  synoptic  coverage  of  relatively  large 
portions  of  the  ocean  surface.  To  illustrate  this  unique 
capability,  a  three-dimensional  representation  of  a  portion  of 
a  SAR-sensed  sea  surface  is  presented  in  Figure  9.  which 
depicts  the  long-period  undulations  present  in  study  area  B. 
This  plot  was  produced  from  the  SAR  digital  data  by 
extracting  six  isorange  lines  of  5  pixels  each,  averaging  these 
5  pixels,  in  effect,  to  smooth  in  the  range  direction.  These 
lines  were  then  hand  pass  filtered  for  wavelengths  between 
249  and  1660  m  1 15-200  s).  and  this  filtered  output  was  used 
as  input  to  a  perspective  view-plotting  program. 

It  is  clear  from  this  plot  that  long-period  waves  are  present 


f 

Fig  9  Perspective  plot  of  offshore  urea  It  showing  filtered  long 
period  components 


in  this  area.  However,  care  should  be  exercised  in  interpret¬ 
ing  what  information  this  plot  contains.  This  is  merely  a 
convenient  graphical  technique  that  shows  the  long-period 
components,  not  a  detailed  analysis  technique. 

This  paper  has  demonstrated  that  a  synoptic  remote 
sensing  device  such  as  SAR  has  the  ability  to  successfully 
image  low-amplitude,  long-period  signals  (surf  beatsl.  The 
analysis  techniques  utilized  to  extract  this  information  from 
the  SAR  data,  include  (1)  a  manual  photographic  interpreta¬ 
tion,  (2)  one-  and  two-dimensional  spectral  analyses  employ  - 
ing  FFT  techniques,  and  (?)  extraction  of  hand-pass  filtered 
long-period  components  from  radar  backscaitcr  plots.  It 
should  be  mentioned  when  utilizing  SAR  data  such  as 
presented  in  this  paper  that  the  spectral  estimates  presented 
are  wave  number,  directional  spectra  of  the  radar  return 
intensity.  The  data  do  not  represent  wave  height  information 
in  a  direct  sense.  SAR  intensities  <i.e. .  erest-to-trough  modu¬ 
lation)  have  been  successfully  correlated  to  wave  height,  but 
the  exact  mathematical  modulation  transfer  function  <t  e.. 
SAR  gravity  wave  imaging  mechanism)  is  not  totally  undci  - 
stood  at  the  present  time. 

AiknoHliilumcnVi  I  he  l.RIM  analysis  of  the  SAR  gravity  wave 
data  was  supported  hy  the  Office  of  Naval  Research  tONRi  contract 
NOOOI4-76-C-I04X  The  technical  monitor  for  this  ONR  contract  is 
Hans  Dole/alek  The  held  installation  of  the  mobile  wave  and 
current  monitoring  system,  as  well  as  the  reduction  of  the  in  situ  sea 
truth  data,  was  supported  hy  the  University  of  Michigan  Rackham 
grant  5X7.149 
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Wind  Wave  Directions  Determined  From  Synthetic  Aperture 
Radar  Imagery  and  From  a  Tower  in  Lake  Michigan 

David  J.  Schwab,1  Robert  A.  Shuchman,2  and  Paul  C.  Liu1 


Directional  wave  spectra  calculated  from  digitized  synthetic  aperture  radar  (SAR)  images  of  waves  on 
Lake  Michigan  are  compared  to  a  wave  directional  spectrum  determined  from  measurements  taken  at  a 
tower  and  to  a  one-dimensional  spectrum  determined  from  a  Wavender  buoy  The  companson  is  within 
one  frequency  band  for  peak  energy  frequency  and  within  20“  for  direction,  but  the  SAR  image  intensity 
spectrum  does  not  have  the  same  shape  as  a  wave  height  spectrum  Wave  refraction  directions  observed 
in  the  SAR  spectra  are  within  10°  of  classical  wave  refraction  calculations. 


Introduction 

Directional  wave  spectra  have  been  measured  by  a  variety 
of  techniques  and  instruments  since  the  pioneering  work  of 
Barber  (1954,  1963),  Cole  et  al.  (I960),  and  Longue! -Higgins  et 
al.  (1963],  Early  measurements  were  made  with  pitch  and  roll 
buoys  or  wave  staff  arrays.  More  recently,  remote  sensing 
techniques  have  been  used.  The  principles  behind  in  situ  and 
remote  sensing  techniques  are  so  different  that  the  two  meth¬ 
ods  have  rarely  been  carefully  compared.  This  paper  intends 
to  meet  that  need. 

Synthetic  aperture  radar  (SAR)  has  been  used  to  image 
ocean  waves  over  large  areas  from  both  conventional  aircraft 
[£7<icJii,  1976;  Shuchman  and  Zelenka,  1978;  Shemdin  et  al., 
1978]  and  from  satellites  ( Gonzalez  et  al..  1979).  Image  resolu¬ 
tion  does  not  depend  on  antenna  aperture  size  or  altitude,  as 
with  real  aperture  radar,  or  external  illumination,  as  with  pho¬ 
tography.  SAR  images  have  then  been  used  to  determine 
wave  direction  and  wavelength.  Although  the  imaging  mecha¬ 
nism  has  not  been  explained  completely,  the  forward  face  and 
rear  face  of  sufficiently  large  waves  exhibit  different  scattering 
characteristics  at  SAR  wavelengths  and  can  be  distinguished 
in  SAR  imagery. 

The  Environmental  Research  Institute  of  Michigan  (ERIM) 
has  been  acquiring  and  processing  SAR  data  from  aircraft  for 
several  years  [ Cindrich  el  al..  1977).  In  October  1977  ERIM 
acquired  SAR  data  on  a  flight  across  Lake  Michigan  between 
Muskegon,  Michigan,  and  Milwaukee,  Wisconsin.  At  this 
time  the  Great  Lakes  Environmental  Research  Laboratory 
(GLERL)  was  operating  a  solar-powered  research  tower  1.8  km 
off  Muskegon  capable  of  measuring  and  recording  wind,  tem¬ 
perature,  and  directional  wave  information  [Sohwah  el  al., 
1980],  A  sample  of  the  SAR  imagery  showing  the  location  of 
the  GLERL  tower  is  presented  in  Figure  I.  In  addition,  a  Wa¬ 
vender  buoy  was  deployed  12  km  offshore  of  Muskegon.  The 
purpose  of  this  paper  is  to  compare  SAR  wave  directional 
measurements  to  in  situ  wave  directional  spectra  at  the 
GLERL  reserach  tower  and  one-dimensional  spectra  at  the 
Waverider  buoy  and  to  examine  the  variability  of  the  direc¬ 
tional  wave  spectrum  across  the  lake.  In  so  doing,  we  hope  to 
show  that  the  combination  of  in  situ  and  remotely  sensed 
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Environmental  Research  Laboratory.  Ann  Arbor.  Michigan 
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wave  information  is  a  powerful  tool  in  gaining  a  better  under¬ 
standing  of  wave  processes. 

Data 

On  October  6.  1977.  at  approximately  1 130  h  EST  ERIM's 
C46  aircraft  carrying  the  X-L  band  dual  polarization  imaging 
radar  |/?anson  et  al..  1975]  flew  west  over  Muskegon  across 
Lake  Michigan  to  Milwaukee  along  a  latitude  of  43°10'N  and 
then  from  Milwaukee  back  to  Muskegon.  The  ground  track 
corresponds  to  the  tails  of  the  numbered  arrows  in  Figure  2. 
The  ERIM  SAR  system  records  four  channels  of  radar  return, 
but  we  will  focus  our  attention  here  on  the  X  band  horizontal- 
transmit  horizontal-receive  channel,  as  these  data  provided 
the  clearest  wave  images.  L  band  SAR  has  been  used  to  image 
ocean  waves  from  aircraft  and  the  Seasat  satellite,  bul  in  the 
present  case  the  wave  images  from  the  L  band  system  were 
not  clear  enough  to  warrant  further  processing  The  aircrafi 
flew  at  3500  m  and  operated  the  radar  with  an  average  angle 
of  depression  from  the  horizontal  of  30°.  yielding  a  swath 
width  of  5.6  km.  The  cross-track  or  range  resolution  of  SAR  is 
limited  by  radar  frequency  and  is  about  2  m  for  the  X  band. 
The  along-track  or  azimuth  resolution  is  obtained  from  the 
synthetic  aperture  technique  described  by  Bro*n  and  Porcello 
(1968)  during  subsequent  processing  on  the  ERIM  optical 
processor.  For  the  .Y  band,  the  azimuthal  resolution  is  about 
2.5  m. 

At  the  same  time  as  the  ERIM  flight.  GLERL  was  oper¬ 
ating  a  solar  powered  research  tower  1.8  km  offshore  of  Mus¬ 
kegon  in  15  m  of  water  (Sf/iwah  et  al..  1980).  The  location  is 
shown  in  Figure  I  and  corresponds  to  the  arrow  labeled  1  in 
Figure  2.  The  lower  operated  from  July  19.  1977,  to  October 
II.  1977.  Sensors  on  the  tower  measured  wind  speed  at  two 
levels,  wind  direction,  air  and  water  temperature,  and  direc¬ 
tional  wave  information  from  an  array  of  four  Zwarts  water 
level  gages  |Zh arts,  1974).  Data  were  transmitted  to  a  shore- 
based  recording  station  al  half-second  intervals  for  30  min  out 
of  each  hour.  The  water  level  gages  were  deployed  at  the  ver¬ 
tices  and  center  of  an  equilateral  triangle  with  3  m  sides.  The 
wave  gage  at  the  eastern  vertex  failed  on  September  2.  1977. 
so  that  at  the  time  of  the  ERIM  flight  only  three  gages  were 
operating.  The  three-gage  array  can  unambiguously  deter¬ 
mine  wave  direction  for  wavelengths  greater  than  about  6  m 

In  addition,  a  Waverider  buoy  continuously  recording  wave 
fluctuations  was  deployed  by  GLERL  12  km  offshore  of  Mus¬ 
kegon  in  75  m  of  water.  Its  location  corresponds  to  the  arrow 
labeled  3  in  Figure  2  No  directional  information  is  available 
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Fig.  1  Synthetic  aperture  radar  imagery  of  wind  waves  in  Lake  Michigan  on  October  h.  1^77,  offshore  of  Muskegon. 

Michigan. 


Fig  2  Wind  and  wave  observations  on  October  6.  I*)77,  1200 
1300  h  F.ST  Wind  speed  and  direction  are  from  Coast  Ciuard  and 
National  Weather  Service  stations  Wavelength  and  direction  are 
from  directional  spectra  of  the  digtli/ed  sections  of  synthetic  aperture 
radar  imagery  indicated  in  fables  I  and  2 


from  the  buoy,  but  the  one-dimensional  wave  spectrum  can 
be  determined  from  the  recorded  water  level  fluctuations 

Ml l HODS 

Twelve  sections  of  SAR  images  were  digitized  wjih  an  ap¬ 
proximate  resolution  of  3  ni  ( l.Sm  pixels).  Four  sections  were 
from  the  westbound  flight  and  eight  from  the  eastbound.  as  in¬ 
dicated  in  Table  1  The  sections  are  numbered  east  to  west, 
with  sections  X  and  d  overlapping  (See  I  tgure  Jl  The  range 
coordinate  of  each  section  was  corrected  in  a  computer  pro¬ 
gram  for  slant-lo-ground  range  radar  geometrs  | Icldkamp. 
I97X]  Then  7PX-m  square  subsections,  with  a  resolution  ot  T 
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m  centered  on  the  coordinates  shown  in  Table  I.  were  ex¬ 
tracted  from  the  digitized  sections  Section  I  corresponded  to 
the  location  of  the  GLERL  tower  and  section  3  to  the  location 
of  the  Waverider  buoy.  In  section  I,  one  subsection  east  of  the 
tower  (la)  and  one  subsection  west  of  the  tower  (Ic)  were 
taken  in  addition  to  one  centered  on  the  tower  (lb)  to  exam¬ 
ine  refraction  effects 

The  1.5-m  pixel  digitized  SAR  images  were  converted  to  3 
m  resolution  by  4  pixel  averaging  to  increase  coherence  in  the 
image.  The  average  value  of  each  azimuthal  line  was  sub¬ 
tracted  from  the  line  to  remove  the  trend  of  intensity  falioff 
wi’h  increasing  range  distance.  Two-dimensional  fast  Fourier 
transforms  were  performed  on  each  256  x  256  cell  subsection 
to  yield  raw  directional  wave  number  spectra  each  with  a 
Nyquist  wave  number  of  1.04  m  The  raw  spectra  were 
smoothed  by  replacing  each  value  with  the  average  of  the  sur¬ 
rounding  5x5  cell.  The  approximate  number  of  degrees  of 
freedom  for  the  resulting  spectrum  is  142  [ Kinsman ,  1965,  p. 
464).  The  99^  confidence  limits  are  then  ±  1.5  dB  [Jenkins  and 
Watts.  1968). 

To  calculate  a  directional  wave  spectrum  at  the  GLERL  re¬ 
search  tower,  wave  slopes  were  determined  for  10  mm  of  data 
as  the  slopes  of  the  plane  passing  through  the  measured  loca¬ 
tions  of  the  water  surface  at  the  three  operating  gages.  Wave 
height  was  taken  as  the  average  of  the  measurements  of  the 
three  gages.  Since  wave  measurements  were  at  l-s  intervals, 
the  Nyquist  frequency  for  tower  spectra  was  I  Hz.  The  first 
five  Fourier  coefficients  of  the  angular  distribution  of  energy 
in  20  frequency  bands  between  0  and  I  Hz  were  calculated 
from  the  wave  height  and  wave  slope  records  by  the  method 
described  in  Longuet- Higgins  et  al.  ( 1963).  The  calculated 
wave  directional  spectrum  has  approximately  120  degrees  of 
freedom  with  99't  confidence  limits  of  ±1.5  dB. 

It  is  important  to  remember  that  the  energy  spectrum  de¬ 
rived  from  SAR  imagery  is  an  image  intensity  spectrum  and 
not  a  wave  height  spectrum.  The  relationship  between  SAR 
image  intensity  and  wave  height  is  still  being  investigated 
[Jain.  1977;  Shuchman  el  al.,  1979).  The  directional  spectrum 
determined  from  wave  staff  data,  although  it  may  not  have  the 
directional  resolving  power  of  the  SAR  spectrum,  is  a  true 
wave  height  spectrum. 

Results 

The  wave  number  and  direction  corresponding  to  the  peak 
energy  point  in  each  of  the  14  SAR  spectra  are  presented  in 


TABLE  I  Location  of  SAR  Directional  Spectra 
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TABLE  2  Peak  Energy  Wave  Number  jnd  Diic.n.m  imm  S \R 
Directional  Spectra 

Wave  number,  in  '  Direction.  I  rue 
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Table  2.  The  SAR  process  distorts  the  apparent  wavelength  ol 
waves  moving  in  the  azimuthal  direction  and  distorts  the  ap¬ 
parent  direction  of  waves  with  a  velocity  component  in  the 
range  direction.  A  detailed  description  of  these  effects  and  the 
appropriate  corrections  can  be  found  in  Shuchman  et  al. 
(1977).  Corrected  values  ol  wave  number  and  direction  based 
on  the  perceived  values  are  also  shown  in  Table  2  Wave¬ 
lengths  range  from  21  m  at  section  12  to  53  m  at  section  5 
There  is  a  180°  ambiguity  in  wave  direction  measured  by 
SAR.  which  was  resolved  by  assuming  the  waves  were  coming 
from  the  same  quadrant  as  the  wind 

A  graphical  illustration  of  the  results  shown  in  Table  2  is 
presented  in  Figure  2.  along  with  wind  speed  and  direction 
observations  from  Coast  Guard  and  National  Weather  Serv¬ 
ice  stations  around  the  lake.  Wavelengths  in  Figure  2  corre¬ 
spond  to  corrected  wave  numbers  in  Table  2.  and  directions 
correspond  to  corrected  directions.  Wave  directions  deter¬ 
mined  from  SAR  imagery  are  consistent  with  observed  wind 
directions,  Waves  and  wind  are  north-northeast  on  the  west¬ 
ern  side  of  the  lake  and  north-northwest  on  the  eastern  side 
However,  the  wave  direction  for  section  8  on  the  eastbound 
leg  of  the  flight  is  26°  different  from  the  wave  direction  deter¬ 
mined  for  the  same  location  (section  9)  on  the  westbound  leg 
Note,  however,  that  section  8  was  imaged  32  nun  later  than 
section  9. 

Wind  at  the  GLERL  lower  was  2X8  and  6.5  m/s  at  It)  m 
and  5.7  m/s  at  5  m.  Air  temperature  was  5.8  C  and  water 
temperature  7. IT',  indicating  a  slightly  unstable  atmospheric 
boundary  layer  over  the  lake  Significant  wave  height  was  0  99 
m  The  one-dimensional  wind  wave  spectrum  (Figure  3)  cal¬ 
culated  from  Waverider  buoy  data  near  section  3  showed  an 
energy  peak  at  0.179  Hz  and  a  significant  wave  height  of  1.03 
m 

The  directional  frequency  spectrum  obtained  trom  the 
GLERL  research  lower  data  and  the  directional  wave  number 
spectrum  obtained  from  ERIM  SAR  imagery  arc  compared  in 
Figure  4  The  frequency  spectrum  shows  an  energy  peak  al 
0.21 1  Hz  and  300°  As  indicated  in  Table  2.  the  wave  number 
spectrum  has  a  peak  at  0.142  m  1  and  317  Because  ol  the 
180"  directional  ambiguity  in  analyzing  images  of  waves,  the 
wave  number  spectrum  is  symmetric  about  the  origin  The 
wave  number  spectrum  in  Figure  4  is  uncorrccted  for  wave 
motion  effects  discussed  above,  but  as  show  n  in  Table  2.  these 
corrections  are  small  There  is  still  a  large  amount  of  energv  at 
zero  wave  number  owing  to  imperfect  remov  al  of  the  intensitv 
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Fig  4  (a)  Directional  frequency  spectrum  of  wave  height  determined  from  wave  research  tower  measurements,  and 

(b)  directional  wave  number  spectrum  of  image  intensity  determined  from  synthetic  aperture  radar  image  Contour  levels 
of  the  logarithm  of  spectral  density  are  shown  in  5-dB  increments  relative  lo  the  maximum  density 


falloff  in  the  range  direction  There  is  also  an  increase  in  en¬ 
ergy  al  all  wave  numbers  as  the  direction  approaches  the 
range  direction  (north-south).  The  energy  lobes  in  the  wave 
number  spectrum  are  more  elongated  in  the  north-south  di¬ 
rection  than  those  in  the  frequency  spectrum  and  show  less  di¬ 
rectional  spreading.  The  reasons  for  these  differences  will  be 
discussed  in  the  next  section. 

Discussion 

The  peak  energy  wave  number  calculated  from  SAR  data 
at  subsection  lb  corresponds  to  a  wave  frequency  of  0. 196  Hz. 
This  is  within  the  frequency  band  of  peak  energy  calculated 
from  the  wave  gages,  0.185-0.238  Hz.  Empirical  formulas  for 
the  peak  energy  frequency  of  fetch  limited  equilibrium 
spectra  with  a  fetch  of  125  km  (appropriate  for  the  wind  direc¬ 
tion  measured  at  the  tower)  and  10-m  wind  speed  of  6  5  m/s 
give  0.178  Hz  according  to  Hasselmann  el  al.  [1973)  and  0.198 
Hz  according  to  Liu  11971).  Measurements  from  SAR  and 
from  tower  wave  gages  are  both  consistent  with  these  esti¬ 
mates  of  peak  energy  frequency.  At  section  3,  the  average 
peak  energy  wave  number  determined  from  the  three  SAR 
spectra  is  0.124  m'.  The  corresponding  wave  frequency  of 
0. 175  Hz  also  agrees  very  well  with  the  peak  energy  frequency 
of  0.179  Hz  determined  from  the  Waverider  spectrum  (Figure 
3).  From  these  comparisons  it  is  apparent  that  the  frequency 
of  peak  energy  waves  determined  from  SAR  imagery  is  con¬ 
sistent  with  both  types  of  in  situ  measurements. 


The  discrepancy  in  peak  energy  wave  direction  between 
SAR  and  tower  systems.  317°  versus  300°.  is  within  accept¬ 
able  directional  resolution  limits  for  both  the  three-gage  tower 
system  and  the  SAR  system.  The  directional  spreading  of  en¬ 
ergy  in  the  tower  spectrum  in  Figure  4,  which  conforms  in 
general  to  previously  published  directional  wave  spectra  |e  g.. 
Milsuyasu  el  al.,  1975),  differs  somewhat  from  the  spreading  in 
the  SAR  spectrum  In  this  case  the  directional  resolution  of 
the  SAR  system  is  probably  better  than  a  three-gage  array, 
and  therefore  the  SAR  spectrum  shows  less  directional 
spreading.  In  the  SAR  spectrum  the  energy  lobes  correspond¬ 
ing  to  waves  are  elongated  in  the  north-south  direction  and  not 
spread  azimuthally  as  in  the  tower  spectrum.  We  believe  that 
this  feature  is  due  to  range  traveling  artifacts  introduced  into 
the  SAR  image  by  multiple-velocity  range  traveling  scatterers 
The  artifacts  appear  in  the  SAR  image  as  bright,  east-west 
(azimuthal)  streaks  6-60  m  long  and  rather  randomly  distrib¬ 
uted  in  space.  The  effect  of  this  type  of  noise  on  a  directional 
spectrum  calculated  from  a  digitized  image  is  to  introduce  en¬ 
ergy  at  all  wavelengths  and  at  directions  near  the  range  direc¬ 
tion.  north-south  in  this  case.  We  speculate  that  each  artifact 
is  due  to  radar  return  from  a  whilecap  that  appears  to  the  ra¬ 
dar  as  a  scatterer  with  a  range  of  viocities  In  the  SAR  imag¬ 
ing  process,  a  scatterer  with  a  component  of  velocity  in  the 
range  direction  is  displaced  on  the  image  in  the  azimuthal  di¬ 
rection  by  an  amount  proportional  to  its  range  component  of 
velocity  | Raney,  1971).  If  the  scatterer  appears  to  have  a  van- 
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Fig.  5  Contour  plots  of  SAR  spectra  in  3-dB  increments  relative  to  the  maximum  density  for  subsections  la.  lb.  and 
1c,  showing  effects  of  wave  refraction.  The  radial  lines  on  each  spectrum  correspond  to  wave  directions  calculated  for  the 
depths  at  the  edges  of  each  subsection 
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ety  of  velocities,  its  image  will  be  displaced  various  propor¬ 
tional  amounts  and  will  appear  as  a  streak  in  the  azimuthal 
direction.  This  is  a  common  feature  of  SAR  images  of  the 
breaker  zone.  The  recorded  wind  speed  of  6.5  m/s  in  an  un¬ 
stable  atmosphere  is  approximately  the  critical  speed  for  initi¬ 
ation  of  whitecapping  in  the  Great  Lakes  according  to  Mon¬ 
ahan  (1969|.  It  appears  that  the  whitecaps  are  responsible  for 
the  resulting  range  traveling  image  artifacts  and  resultant  con¬ 
tamination  of  the  wave  number  spectrum. 

If  we  take  328°  true  as  the  mean  direction  of  waves  incident 
on  the  Muskegon  shore  (the  average  direction  of  section  3) 
and  0.211  Hz  (as  measured  at  the  tower)  as  the  wave  fre¬ 
quency,  wave  refraction  can  be  observed  in  the  SAR  direc¬ 
tional  spectra  Contour  plots  (given  in  3  dB  levels)  of  the  di¬ 
rectional  spectra  for  subsection  la,  lb,  and  Ic  are  shown  in 
Figure  5.  Also  drawn  on  the  figure  are  classical  refraction  di¬ 
rections  calculated  for  depths  corresponding  to  the  edges  of 
each  subsection  ( Kinsman  (1965)  gives  a  typical  example  of 
refraction  calculations  on  pages  156-167.)  For  example,  the 
two  lines  drawn  on  the  contour  plot  of  subsection  la  represent 
angles  of  295°  and  325°,  the  wave  directions  predicted  by 
classical  methods  assuming  depths  of  4  and  14  m,  respectively. 
The  entire  wave  spectrum  should  be  corrected  for  refraction 
for  a  proper  comparison,  but  the  spectra  in  Figure  5  are  so 
peaked  that  the  single  component  refraction  calculations  are  a 
good  approximation. 

Figure  5  indicates  that  the  SAR  spectra  are  sensitive  to  re¬ 
fraction  effects.  Also  given  on  the  figure  is  the  wave  refraction 
angle  assuming  the  average  depth  of  each  of  the  subsections. 
When  these  directions  are  compared  to  the  Table  2  results,  the 
SAR  data  have  a  tendency  to  show  more  refraction  than  was 
predicted,  but  the  tendency  is  in  the  right  direction,  and  10° 
can  still  be  considered  good  agreement. 

The  SAR  wave  number  spectra  shown  in  Figures  3  and  5 
are  typical  of  all  14  SAR  spectra.  Spectra  from  the  middle  of 
the  lake  (sections  5-9)  have  wave  energy  lobes  of  somewhat 
greater  magnitude  relative  to  the  background  noise  and  show- 
more  of  the  features  that  appear  in  the  tower  wave  frequency 
spectrum,  such  as  a  steep  forward  face  and  more  directional 
energy  spread.  The  SAR  spectrum  is  of  course  a  wave  number 
spectrum  of  radar  return  intensity  and  is  not  expected  to  have 
the  same  appearance  as  the  directional  frequency  spectrum 
determined  from  wave  heights.  Even  if  the  wave  number  spec¬ 
trum  is  converted  to  a  frequency  spectrum  or  vice  versa,  it  is 
clear  that  the  SAR  spectra  examined  here  cannot  be  easily 
transformed  to  or  interpreted  as  wave  height  spectra.  How¬ 
ever,  the  peak  energy  wave  number  and  direction  determined 
from  SAR  spectra  agree  very  well  with  in  situ  measurements, 
and  the  synoptic  availability  of  even  these  parameters  is  pro¬ 
hibitively  expensive  by  ground-based  measurements. 


Conclusions 

Directional  spectra  calculated  from  synthetic  aperture  radar 
(SAR)  data  of  Lake  Michigan  have  been  compared  to  an  in 
situ  directional  spectrum  from  the  GLERL  research  tower 
and  to  a  one-dimensional  spectrum  from  a  Waverider  buoy. 
The  comparisons  were  favorable,  indicating  SAR’s  ability  to 
image  accurately  wind-generated  water  waves.  In  addition  to 
data  collected  over  the  tower  and  Waverider  buoy,  data  were 
continually  collected  across  Lake  Michigan  in  both  directions. 
These  data  represent  a  synoptic  view  of  wind  waves  across  the 


entire  width  of  Lake  Michigan  and  should  prove  very  useful 
to  those  modeling  waves  on  the  Great  Lakes. 

The  major  caveat  about  using  directional  spectra  from  SAR 
data  is  that  the  SAR  spectral  estimates  are  proportional  to  ra¬ 
dar  return  intensity  and  not  wave  energy.  The  data  do  not 
represent  wave  height  information,  at  least  not  in  a  recogniz¬ 
able  form.  The  modulation  transfer  function  (i.e.,  SAR  grav¬ 
ity  wave  imaging  mechanism)  is  not  totally  understood  al  the 
present  time.  The  determination  of  the  transfer  function,  as 
well  as  determination  of  wave  height,  using  SAR  data  will  be 
a  major  scientific  advance,  for  at  that  time  SAR  gravity  wave 
data  can  be  used  to  obtain  power  density  estimates  of  the  sea 
surface.  Until  this  is  accomplished,  SAR  wave  directional 
measurements  must  be  accompanied  by  either  in  situ  (wave 
staff  or  Waverider)  or  remotely  sensed  (laser  altimeter)  mea¬ 
surements  to  give  an  estimate  of  wave  height. 
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Estimates  of  Ocean  Wavelength  and  Direction  From  X-  and 
L-Band  Synthetic  Aperture  Radar  Data  Collected  During 

the  Marineland  Experiment 

ROBERT  A.  SHUCHMAN.  JAMES  D  LYDEN,  and  DAVID  R  LYZENGA 


Abstract — Simultaneously  obtained  «V-  and  /.-band  synthetic  aper¬ 
ture  radar  (SAR)  data  collected  during  the  Marineland  (experiment 
were  spectrally  analyzed  by  fast  Fourier  transform  (FTT)  techniques 
to  estimate  ocean  wavelength  and  direction.  An  eight-sided  flight 
pattern  was  flown  over  the  same  ocean  area  in  order  to  study  the 
sensitivity  of  the  spectral  estimate  on  radar  look  direction.  These 
spectral  estimates  were  compared  with  in  situ  wave  measurements 
made  by  a  pitch-and-roll  buoy.  The  comparison  revealed  that  the 
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A-band  SAR  detected  all  gravity  waves  independent  of  radar  look 
direction,  while  the  /.-hand  SAR  detected  all  range-traveling  gravity 
waves  but  failed  to  detect  waves  in  three  of  four  cases  in  which  the 
waves  were  traveling  within  25  of  the  azimuth  direction.  The  analysis 
also  indicates  that  azimuth-traveling  waves  appear  longer  and  more 
range-traveling  in  the  SAR  imagery  than  observed  by  m  w m  instru¬ 
mentation.  It  is  postulated  that  degraded  azimuth  resolution  due  to 
sealterer  motion  is  responsible  for  these  observations. 

I.  INTRODUCTION 

PREVIOUS  study  |]  |  of  the  Marineland  synthetic  apertuie 
radar  (SAR)daia  set  showed  close  agreement  between  SAR* 
derived  wave  spectra  and  in  situ  measurements  made  b>  a 
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pilch-and-roli  buoy  which  operated  coincidently  with  the  SAR 
overflights.  This  previous  study  utilised  only  a  single  pass  of  X- 
band  data  collected  on  Dec.  14,  1975.  This  particular  pass 
imaged  waves  traveling  in  the  range  direction  (towards  the 
radar  line-of-srght),  which  is  the  most  favorable  imaging  geo¬ 
metry  for  the  SAR  (2| ,  (3 1 .  The  present  study  considers  data 
collected  at  both  X-  an  ■  .,-band  for  eight  different  look  direc¬ 
tions  relative  to  the  wave  propagation  direction. 

As  discussed  in  the  companion  paper  of  this  issue  (3) ,  the 
SAR  imaging  mechanism  for  ocean  waves  is  highly  dependent 
on  radar  look  direction.  Tilt  and  hydrodynamic  modulation 
are  the  dominant  mechanisms  for  SAR  imaging  range-traveling 
waves  [2],  (3] ,  while  azimuth -traveling  waves  are  believed  to 
be  imaged  primarily  because  of  velocity  bunching  (4J.  How¬ 
ever,  controversy  still  exists  regarding  the  effects  of  moving 
ocean  wave  scatterers  on  the  SAR  image  formation  process. 
The  Marineland  simultaneous  X-  and  /.-band  data  set  provides 
needed  information  on  the  SAR  imaging  mechanism  for  ocean 
waves,  as  well  as  a  direct  indication  of  the  ability  of  SAR  to 
accurately  image  ocean  gravity  waves  as  a  function  of  radar 
wavelength  and  look  direction. 

Past  studies  utilizing  the  Marineland  data  set  have  con¬ 
centrated  on  the  conditions  under  which  ocean  waves  are 
imaged  rather  than  the  accuracy  of  the  spectral  estimates  [1]- 
(3 1 ,  [5 1  This  paper  presents  a  comparison  of  the  SAR-derived 
wave  spectral  estimates  with  in  situ  measurements  (pitch-and- 
roll  buoy  data)  using  the  entire  SAR  X -  and  /.-band  data  set 
collected  from  an  eight-sided  flight  pattern  flown  on  Dec.  14, 
1975. 

II.  DATA  SET 

The  SAR  data  used  in  this  study  were  collected  by  the  En¬ 
vironmental  Research  Institute  of  Michigan  (TRIM)  four- 
channel  system  which  was  flown  in  a  C-46  aircraft  during  the 
Marineland  Experiment.  For  a  complete  description  of  this 
SAR,  the  reader  is  referrred  to  [6 1  .  It  consists  of  a  dual-wave¬ 
length  and  dual-polarization  SAR  that  simultaneously  images 
at  .Y-band  (3.2-cm  wavelength)  and  /.-band  (23.5-cm  wave¬ 
length).  Recently  a  C-band  (5.3-cm  wavelength)  capability  has 
been  added  to  this  system.  The  data  presented  in  this  paper 
were  obtained  from  the  horizontal-transmit/horizontal-receive 
channel  (HH)  of  both  X-  and  /.-band  receivers.  Presented  in 
Table  I  are  radar  system  and  imaging  geometry  parameters  for 
the  Marineland  flights. 

The  data  used  in  this  study  were  collected  on  Dec.  14, 
1975,  using  an  eight-sided  flight  pattern  shown  in  Fig.  1 .  This 
multisided  flight  pattern  allowed  SAR  and  surface-measured 
wave  estimates  to  he  compared  as  a  function  of  wave  orienta¬ 
tion  with  respect  to  radar  look  direction.  During  the  flight,  a 
wave  train  identified  as  swell  with  an  8-s  dominant  period  and 
1.5- to  l.S-m  significant  wave  height  (//l/3)  was  propagating 
due  west  (270  degrees  true).  The  winds  on  this  day  were  10 
m/s  offshore  and  3  m/s  near-shore,  both  from  due  east  (90  de¬ 
grees  true) 

III.  ANALYSIS 

Simultaneously  obtained  X-  and  /.-band  SAR  ocean  wave 
data  collected  during  passes  1-8  (sec  Fig.  I)  were  spectrally 
analyzed  using  fast  Fourier  transform  (FFT)  techniques  and 
the  results  compared  to  in  situ  measurements.  The  SAR  signal 
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Fig.  1.  ER1M  flight  patterns  flown  over  Marineland  tost  site  on  lk\.  14. 
1975.  The  aircraft  heading  with  respect  to  true  north  is  given  in 
parentheses  next  to  the  pass  number.  The  surface  wind  and  wave 
conditions  during  the  data  collection  flight  are  also  shown 
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Radar  System  and  imaging  geometry  I’akami  i  i  rs 
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histories  for  the  above  data  were  optically  processed  into 
image  film  using  the  ER1M  precision  optical  processot  (POP) 
as  described  in  (7).  These  image  films  tvere  then  digfli/ed 
using  a  pixel  size  corresponding  to  3  nr  in  slant  range  and  azi¬ 
muth.  The  digitization  was  performed  on  the  ERIM  hyhiid 
image  processing  facility  (HIPF)  described  in  |H|  .  Digital  spec¬ 
tral  estimates  were  produced  for  passes  1-8.  both  .V-  and  /.  - 
band  data  following  the  method  described  in  |9|  These 
spectral  estimates  each  have  approximately  144  degrees  ot 
freedom  |9J. 

Presented  in  Figs.  2  and  3  are  two-dimensional  contom 
plots  of  the  FFT's  produced  in  passes  1-8,  .V-  and  /.-band,  ic 
speclively.  Each  contour  on  these  plots  represents  a  3  dll  (5(1 
percent)  decrease  in  spectral  intensity  from  the  pievious  con- 
tour.  The  SAR-deiived  dominant  wave  is  represented  h\  the 
center  of  the  highest  contour  (  3  dBl  on  these  plots  I  oi  each 
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I- ip.  2  Contour  plots  of  the  two-dimensional  I  I  T'sprodueed  front  digitized  .V-hand  (III!)  imagers  from  l)e>  14,  1975 
passes  I  through  8.  The  aircraft  (light  direction  was  to  the  right  for  each  of  the  transforms  The  axes  tor  each  plot  arc 
consistent  with  those  shown  lor  pass  I 


of  the  contour  plots  presented,  the  horizontal  axis  represents 
the  along-track  or  azimuth  direction,  while  the  vertical  dimen¬ 
sion  represents  the  SAR  range  component.  Note  from  Fig  3 
that  tin  three  of  the  /.-band  contour  plots  (passes  1 . 4,  and  8 E 
there  is  no  clearly  defined  top  contour  (e  g.,  pass  8).  In  these 
cases,  the  SAR  failed  to  image  the  gravity  wave  field.  These  re¬ 


sults  will  be  discussed  in  detail  in  the  following  paragraphs  li 
should  be  emphasized  that  the  spectral  estimates  ptcscnled 
here  are  simply  Ihe  directional  wavenumber  specif:  ol  the 
radar  return  intensity.  Although  several  possible  methods  base 
been  proposed  (I0|-|I2).  there  is  still  no  reliable  technique 
to  obtain  estimates  of  wave  height  using  SAR  data 
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fig.  3  Contour  plots  of  1  lie  two-dimensional  I  I  T'sproduccd  from  digitized  /.-hand  (HID  iniagcn  from  lies  14.  Id’s 
passes  1  through  8.  The  aircraft  flight  direction  was  to  the  right  for  each  of  the  translonm  The  axes  tor  each  pin’  .in¬ 
consistent  with  those  shown  for  pass  I . 


The  coincident  surface  wave  measurements  used  for  com-  changes  in  the  wave  properties  were  found,  hence  the  data 
parison  with  the  SAR  data  were  obtained  by  a  surface  pitch-  were  combined  in  one  calculation.  I.stinuies  at  groups  «>i  ad 
and-roll  buoy  operating  in  the  test  area  during  the  SAR  data  jacent  frequencies  were  averaged  to  produce  a  spectrum  with 
collection  flights.  This  buoy  operated  in  approximately  10-m  more  than  500  degrees  of  freedom  |l  | 

water  depth.  A  series  of  nine  consecutive  34-min  records  were  Table  II  is  a  comparison  ol  the  dominant  SAR-demed  and 
pro  essed  During  the  5  h  of  measurement,  no  significant  surface-measured  wave  spectral  estimates  tot  the  Maiineljnd 
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TABLE  11 
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These  wavelenaths  were  r,i! rulatiM  assominq  a  linear  dispersion  relation, 
tj / 1 »  i»i»i » r  at spectral  estiniate  was  unobtainable  from  data. 
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I  rg.  4.  SA R -derived  wavelength  estimates  plotted  against  aircraft 

heading  for  both  X-  and  /.-band  data  simultaneously  collected  on 
Dee.  14,  1975.  The  wave  propagation  direction  relative  to  the  air¬ 
craft  heading  is  also  presented. 

data.  The  SAR-Uerived  estimates  were  obtained  from  the  plots 
in  Figs.  2  and  .4  and  have  been  corrected  for  motion  of  the 
waves  while  being  imaged  following  the  method  described  in 

I I  |  The  surface-measured  values  came  from  the  pitch-and-roll 
buoy.  Since  the  buoy  measures  in  the  temporal  or  frequency 
domain,  the  estimated  peak  frequency  of  0.125  Hz  (8-s 
period)  was  converted  to  a  wavelength  using  the  linear  disper¬ 
sion  relation.  The  depth  values  used  in  the  dispersion  calcula¬ 
tion  were  chosen  to  be  at  the  center  of  the  SAR  subimage  used 
to  produce  the  2-L)  Fourier  transform. 

Fxamination  of  Table  II  reveals  that  the  /.-band  channel  de¬ 
tected  waves  in  only  five  of  the  eight  passes.  The  absence  of 
waves  in  passes  1 , 4.  and  X  of  the  /.-band  data  appears  to  repre¬ 
sent  a  limitation  in  the  capability  of  SAR  to  detect  these 
gravity  waves.  In  contrast,  the  .V-hand  channel  detected  waves 
in  every  pass.  The  rms  errors  for  the  dominant  wavelength  and 
directional  estimates  are  also  larger  at  /.-band  than  at  A-band, 
H  3  to  7.9  m  for  wavelength,  and  lb. 3"  to  9.xc  for  direction. 

To  address  the  question  of  the  dependence  or  the  quality  of 
wave  estimates  on  the  radar  viewing  angle,  the  SAR-derived 
waveleng'h  and  direction  estimates  summarized  in  Table  I 
were  plotted  against  aircraft  heading  in  Figs.  4  and  5.  respec¬ 
tively  The  sharpness  ol  the  SAR-denvcd  wavelength  and  direc¬ 
tion  estimate  can  be  characterized  by  the  width  of  the  3  dB 
contour  level  of  the  two-dimensional  I  l  l  s  shown  in  Figs  2 
and  3  The  width  of  the  3  dB  contour  in  the  direction  of 
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Fig.  5.  SAR-derivcd  wave  direction  estimates  plotted  against  aircraft 
flight  direction  for  both  X •  and  /.-band  data  simultaneously  collected 
on  Dec.  14.  1975.  The  wave  propagation  direction  relative  to  air¬ 
craft  heading  is  also  presenled. 

wave  propagation  provides  an  estunate  of  the  wavelength  vari¬ 
ability,  while  the  width  of  the  contour  orthogonal  to  wave 
propagation  provides  an  estimate  of  the  directional  variability. 
These  contour  widths  are  indicated  on  Fig.  4  and  5.  Fig.  4  in¬ 
dicates  that  the  SAR-derived  wavelength  estimates  at  -V-hand 
both  increase  and  are  more  variable  as  the  waves  become  azi¬ 
muth-traveling.  Similarly,  Fig.  5  indicates  an  increase  in  the 
variability  of  the  SAR-derived  directional  estimates  at  .V-hand 
as  the  waves  become  more  azimuth-traveling.  An  alternative 
method  of  plotting  the  accuracy  of  the  SAR-derived  dnec 
tional  estimates  is  shown  in  Fig.  6.  Here  (he  angle  o(  the  SAR- 
derived  spectral  estimate  off  range  is  shown  plotted  against 
the  angle  off  range  predicted  by  surface  measurements  This 
plot  shows  an  interesting  result :  the  SAR-tmaged  waves  show  a 
definite  bias  in  direction  toward  range,  particularly  as  the 
waves  become  more  azimuth-traveling.  Thus  the  graph  suggests 
that  waves  would  he  imaged  as  propagating  more  in  the  range 
direction  than  is  actually  the  case. 

A  possible  explanation  of  the  observation  ptesented  til  Fig 
6  is  the  degradation  of  the  azimuth  resolution  due  to  scalierei 
motions  This  is  caused  by  the  orbital  velocity  of  the  dominant 
gravity  waves  and  is  discussed  in  detail  in  |4|  Recall  that  the 
SAR  image  intensity  is  the  convolution  of  the  effective  inten 
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gle  off  range  predicted  by  surface  measurements. 


sity  distribution  a0(a,  r),  with  the  system  impulse  response 
function  l(a,  r),  where  a  and  r  are  the  azimuth  and  range  coor¬ 
dinates,  respectively.  The  impulse  response  function  can  be 
modeled  by  a  Gaussian  function.  The  Fourier  transform  or 
spectrum  of  a  SAR-imaged  wave  field  is  the  product  of  the 
Fourier  transforms  of  cr0  and  /  or 


S(ka.kr)  =  nkl,.kr)50(ka.kr)  (1) 

where  the  kj  and  kr  are  the  azimuth  and  range  wavenumbers, 
respectively.  Thus  the  spectrum  of  a0  is  weighted  by  a  Gaus- 
siann  function  whose  width  is  inversely  proportional  to  the 
azimuth  resolution.  This  is  shown  schematically  in  Fig.  7.  As 
the  azimuth  resolution  (impulse  response)  widens,  its  Fourier 
transform  becomes  narrower  and  the  resultant  spectrum  is 
more  distorted.  The  result  of  this  is  to  make  the  SAR-derived 
waves  appear  longer  and  more  range -traveling  than  they  actu¬ 
ally  are.  This  degraded  resolution  may  be  the  reason  that 
waves  were  not  imaged  at  /.-band  for  three  of  the  azimuth¬ 
traveling  cases,  although  they  were  imaged  at  A'-band.  This 
effect  also  decreases  the  contrast  of  waves  traveling  in  the 
azimuth  direction. 

The  degradation  in  azimuth  resolution  can  be  caused  by 
either  gross  scatterer  motions  (azimuth  velocities  or  range  ac¬ 
celerations).  or  by  a  range  of  scatterer  velocities  within  each 
resolution  element,  which  is  equivalent  to  the  coherence 
time  effect  discussed  in  [13|.  The  effects  of  gross  scatterer 
motions  are  proportional  to  integration  time. and, therefore, are 
larger  at  /.-band  than  at  A'-band,  as  illustrated  in  Fig.  8  for  the 
acceleration  effect.  These  effects  are  at  least  partially  reduci¬ 
ble  by  changing  the  processor  focus  settings,  and,  as  expected, 
a  greater  sensitivity  to  these  locus  adjustments  is  found  at  L- 
band  than  at  A'-band  [3 1  . 

The  degradation  in  azimuth  resolution  due  to  a  given  coher¬ 
ence  time  is  proportional  to  radar  wavelength  and  is  not  reduc¬ 
ible  by  changing  the  processor  focus.  Thus  if  the  coherence 
time  is  substantially  the  same  at  /.-band  and  A'-band.  a  greater 
loss  of  resolution  is  expected  at  /.  band  This  may  be  the  rea¬ 
son  for  the  failure  of  the  /.-band  system  to  image  waves  for 
those  azimuth-traveling  cases  when  waves  were  visible  on  the 
A'-band  images  The  assumption  that  the  coherence  time  is  the 


Inte-^Sl  t y 


Fig.  7.  Schematic  diagram  showing  the  effect  of  degraded  a/nnuth 
resolution  on  SAR-derived  spectra. 


I  ig.  8.  SAR  azimuth  resolution  as  a  turn  turn  «»f  radar  wju-lvm-th  and 
target  acceleration. 


same  at  /.-band  and  A'-band  may  not  be  correct,  howevet 
More  measurements  of  the  coherence  time  ate  needed  to  test 
this  hypothesis.  In  addition  to  these  SAR  effects,  it  is  also 
possible  that  the  inherent  modulation  ot  the  tadar  ctoss  sec¬ 
tion  is  greater  at  A'-band  than  at  /.-band  due  to  hydrodynamic 
considerations  or  electromagnetic  scattering  effects 

IV  CONCLUSIONS 

The  comparison  of  SAR-derived  and  in  situ  measured  wave 
data  from  the  Manncland  F.xpenment  indicates  several  results 
The  A'-band  data  was  able  to  image  ocean  waves  in  each  ot  the 
8  passes  flown  over  the  test  site  with  a  variety  ot  headings  1  he 
/.-hand  data  on  the  other  hand,  tailed  to  image  waves  in  3  ot 
the  4  passes  in  which  nearly  azimuth  -traveling  waves  oVLmied 
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The  accuracy  of  the  SAR-derived  wave  estimates  when  com¬ 
pared  to  in  situ  measurements  appears  to  be  better  at  X-  than 
at  /.-band  for  the  limited  cases  in  this  data  set. 

The  SAR-derived  wavelength  and  directional  estimates  ap¬ 
pear  to  change  as  a  function  of  radar  look  direction  with  re¬ 
spect  to  wave  propagation  direction.  As  waves  become  more 
azimuth-traveling,  SAR  estimates  of  their  wavelength  increase 
and  become  more  variable.  This  appears  to  hold  for  both  X- 
band  and  the  limited  number  of  /.-band  cases.  Also,  it  was 
observed  that  as  waves  become  more  azimuth-traveling  their 
directions  become  more  variable  and  are  imaged  as  propagating 
more  in  the  range  direction  than  indicated  by  surface  measure¬ 
ments.  Again  these  observations  appear  independent  of  radar 
wavelength.  One  possible  explanation  for  the  above  observa¬ 
tions  is  the  degraded  azimuth  resolution  caused  by  surface 
scatterer  motion.  When  transformed,  this  degraded  resolution 
would  cause  wave  spectral  estimates  to  be  longer  and  more 
range-traveling  than  the  true  surface  waves.  This  degraded  azi¬ 
muth  resolution  is  also  a  possible  reason  why  waves  were  not 
imaged  in  3  of  the  4  nearly  azimuth-traveling /--band  passes. 

The  environmental  conditions  encountered  during  the 
Marineland  Experiment  corresponded  to  low  wind  speeds,  low 
wave  heights,  and  relatively  short  wavelengths.  Additionally, 
the  waves  are  being  influenced  by  the  relatively  shallow  water. 
Thus  shoaling  of  the  waves  could  contribute  to  the  degraded 
/--band  wave  data.  The  results  presented  in  this  study  are  con¬ 
sidered  valid  only  for  such  conditions.  It  should  also  be  noted 
that  only  the  dominant  wave  estimates  from  the  SAR  and  pitch- 
and-roll  buoy  were  compared. 
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Synthetic  Aperture  Radar  Imaging  of  Ocean  Waves  During 

the  Marineland  Experiment 

ROHhRT  A  SHIJCHMAN  and  OMAR  H  SHhMDIN 


Abstract  A-  and  /  -hand  simultaneous!*  obtained  synthetic  aper¬ 
ture  radar  (SAKi  data  of  oeean  gravity  oases  collected  during  the 
Marineland  k-.xperiment  were  analyzed  using  state  contrast  measure¬ 
ments.  The  Marineland  data  collected  in  1975  represents  a  unique 
historical  data  set  for  testing  still-evolving  theoretical  models  ol  the 
SAR  ocean  state  imaging  process.  The  state  contrast  measurements 
referred  to  are  direct  measurements  of  the  hackscatler  variation  be¬ 
tween  state  crests  and  troughs.  These  modulation  depth  measure¬ 
ments.  which  are  indicators  of  wate  detectability,  were  made  as  a 
function  of:  a  I  the  settings  used  in  processing  the  S  AK  signal  histories 
to  partialis  account  for  wave  motion;  hi  wate  propagation  direction 
with  respect  to  radar  look  direction  for  both  A  -  and  /  -hand  SAK  data; 
cl  SAK  resolution;  and  dl  number  of  coherent  looks.  The  contrast 
measurements  indicated  that  ocean  wates  imaged  by  a  SAK  are  most 
discernible  when  A-hand  frequence  is  used  (as  compared  to  /  -band), 
and  when  the  ocean  wates  are  trateling  in  the  range  direction.  Ocean 
wates  can  be  detected  bt  both  A-  and  /  -hand  SAK,  provided  that  the 
radar  surface  resolution  is  small  compared  to  the  ocean  wavelength 
(at  least  1/4  of  the  ocean  wavelength  is  indicated  bt  this  worki. 
Finally ,  wave  detection  with  /  -band  SAK  can  he  improved  ht  adjust¬ 
ing  the  focal  distance  and  rotation  of  the  cylindrical  telescope  in  the 
SAK  optical  processor  to  account  for  wave  motion.  The  latter  adjust¬ 
ments  are  found  to  he  proportional  to  a  value  that  is  near  the  wave 
phase  velocity. 

I  INTRODUCTION 

HIS  PAPtR  discusses  a  specialized  form  ot  side-looking 
airborne  radar  (STAR)  called  synthetic  aperture  radar 
(SAR).  SAR  is  an  imaging  radar  which  utilizes  the  Doppler 
history  (change  of  phase)  associated  with  the  motion  of  the 
aircraft,  recording  both  the  phase  and  the  amplitude  of  the 
backscatteied  energy,  thus  improving  the  along-trach  or  azi¬ 
muth  resolution  1 1 ) .  |2| 

The  principle  in  imaging  any  surface  with  radar  is  that  the 
backscatter  of  microwave  energy  (echo)  sensed  by  the  radar 
receiver  contains  information  on  the  roughness  characteristics 
(shape,  dimension,  and  orientation)  of  the  reflecting  area. 
Factors  that  influence  the  echo  received  from  ocean  waves 
include  the  motion  of  the  scattering  surfaces,  the  so-called 
“speckle "  ellect.  system  resolution,  and  integration  time,  as 
well  as  contributions  attributable  to  wind,  waves,  surface 
currents,  and  suilace  tension  The  effect  of  orientation  of 
ocean  waves  to  the  radar  line-of-stght  must  also  be  considered 
When  attempting  to  understand  the  SAR  ocean  wave  imaging 

Manuscript  received  Mat  I.  198(1.  revived  I  ehruary  9,  198.1.  The 
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mechanism,  one  must  consider  (actors  pertaining  to  wave 
oibttal  velocity.  Biagg  scatlerer  velocity,  and  long  gravity 
(oi  tesolvable)  wave  phase  velocity  (3) 

Hits  paper  presents  a  series  of  backscatter  measurements  ol 
SAR  imaged  gravity  waves.  Analysis  ol  these  measurements 
indicates  t hat  the  ability  ot  SAR  to  image  gravity  waves  is 
dependent  upon;  a )  wave  motion;  b)  radar  look  direction  with 
respect  to  ocean  wave  propagation  direction; and  c)  resolution 
and  noncoherent  averaging.  The  backscatter  measurements  per¬ 
formed  in  this  study  measure  the  contrast  ratios  between  wate 
crests  and  troughs  as  observed  on  the  SAR  imagery .  and  arc 
releired  to  as  wave  modulation  depth  scans. 

A  summary  is  first  presented  of  .  .dar  concepts  pertinent  to 
understanding  SAR  operation  as  it  images  an  ocean  surface 
This  is  followed  by  a  description  of  the  wave  modulation 
scan  measurements.  The  results  of  these  scans  are  then  pie- 
seined  and  discussed. 

II  RADAR  CONCTiPTS 

Several  models  |4  j  -|  10)  have  been  postulated  that  attempt 
to  explain  wave  image  formation  with  SAR.  The  final  output 
of  a  SAR  system  is  ususally  in  the  form  of  a  two-dimensional 
intensity  display  of  relative  black  and  white  shades.  The 
fundamental  backscatter  mechanism  is  believed  to  be  Biagg 
scattering  when  the  incidence  angle  is  greater  than  20c  []  1) 
That  is.  transmitted  radar  energy  with  wavenumber  k  inter¬ 
acts  in  a  resonant  or  constructive  interference  fashion  with 
ocean  surface  waves  of  wavenumber  kw  such  that 

kw  =  2k  sin  0  ( I  ) 

where  kH.  =  2n/L  and  k  =  2rr/X  are  the  wavenumbers.  I.  and 
X  are  the  wavelengths  of  the  surface  waves  in  the  range  dnec- 
Don  and  that  of  the  radar,  respectively  ,  and  0  is  the  incidence 
angle. 

For  the  Lnvironmental  Research  Institute  of  Michigan 
(TRIM)  X-  and  L- band  aircraft  system  discussed  in  this  paper 
which  operated  with  a  nominal  incidence  angle  (0  )  ol  45'.  the 
use  old)  leads  to  a  Bragg  wavelength  of  approximately  2  cm 
for  A' -band  (X  =  3.2  cm)  and  17  cm  lor  /.-band  (X  -  23  5  cm) 
In  contrast,  the  Seasat  /.-band  system  with  an  incidence  angle 
ol  20c.  has  approximately  a  34-cm  wavelength  Biagg  wate 
These  waves  represent  the  capillary  and  short  gravity  wate 
portion  of  the  ocean  wave  spectrum. 

In  general,  the  mechanisms  that  contribute  to  wave  pat 
terms  observed  on  SAR  imagery  are  a)  tilt  modulation, 
b)  hydrodynamic  modulation  and  c)  velocity  bunching 
effects.  Shadowing  effects  n  .  also  play  an  important  tole 
at  large  incidence  angles 
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Till  modulation  refers  to  periodic  variation  in  the  local 
incidence  angle  caused  by  the  long  gravity  waves.  As  the  inci¬ 
dence  angle  changes,  it  modulates  the  radar  cross  section  of 
the  surface  that  backscatters  the  microwave  energy. 

Hydrodynamic  modulation  as  reported  in  |5|.  [12]  refers 
to  the  change  in  short  wave  amplitude  which  is  pai  daily  due 
to  the  straining  the  the  small  ocean  Bragg  waves  due  to  divei - 
gence  of  the  surface  orbital  velocity  field  of  the  long  gravity 
waves  The  modulation  in  wind  stress  induced  by  the  long 
waves  is  another  contributor  to  such  hydrodynamic  modula¬ 
tion. 

The  velocity  bunching  effect  refers  to  a  periodic  a/imuth 
target  displacement  on  the  imagery.  This  displacement  is 
described  at  length  in  [13]. 

Tilt  and  hydrodynamic  modulation  are  maximum  for 
range-traveling  waves  and  minimum  for  azimuth-traveling 
waves.  The  velocity  bunching  effect  is  maximum  for  waves 
traveling  in  the  azimuth  direction  |5] 

Other  effects  of  wave  motions  in  SAR  imagery  may  in¬ 
clude:  a)  image  displacement,  smearing,  and  loss  of  focus 
in  the  azimuth  direction:  and  b)  loss  of  focus  in  the  range 
direction  [14)  Some  of  these  effects  can  be  removed  during 
processing  of  the  SAR  signal  histories  by  making  appropriate 
adjustments  to  the  processor  [15],  The  effects  which  cannot 
be  removed  duiing  processing  may  reduce  the  detectability 
of  gravity  waves,  and  can  also  influence  the  wave  spectral 
estimates  obtained  from  SAR  wave  data 

Loss  of  focus  in  the  range  direction  is  due  to  a  rotation  ot 
the  phase  history  of  the  target  (i.e..  migration  through  range 
cells).  This  loss  of  focus  is  proportional  to  the  range  velocity 
and  the  integration  time,  and  can  be  corrected  by  a  rotation 
of  the  cylindrical  lenses  in  the  optical  processor,  assuming 
the  range  velocity  is  constant  during  the  integration  time. 

Loss  of  focus  in  the  azimuth  direction  can  be  caused  by 
a  constant  velocity  in  the  azimuth  direction  or  a  changing 
velocity  (i.e..  an  acceleration)  in  the  range  direction.  These 
effects  can  be  corrected  by  a  change  in  the  azimuth  focus  set¬ 
ting  of  the  processor,  assuming  that  the  azimuth  velocity  and 
radial  acceleration  are  constant.  Since  they  are  both  inversely 
proportional  to  the  platform  velocity,  these  effects  are  ex¬ 
pected  to  be  impor’ant  for  the  X-  and  /.-band  ER1M  SAR 
aircraft  system  that  operated  during  Marmeland  with  a  typical 
platform  velocity  of  only  75  m/s. 

The  intent  of  this  paper  is  to  provide  experimental  evidence 
which  can  be  used  as  a  basis  for  evaluating  the  concepts 
discussed  above,  and  also  to  provide  an  empirical  basis  for 
achieving  optimal  detection  of  ocean  waves  w  ith  SAR. 

Ill  RADAR  SYSTEM  AND  FLIGHT  PATTERNS 

The  experimental  observations  presented  liete  were  ob¬ 
tained  from  analysis  of  data  collected  by  the  ERIM  dual¬ 
frequency  and  dual-polarization  SAR  system  The  ERIM 
A"  band  and  L- band  system,  which  is  presently  jointly  owned 
by  ERIM  and  the  Canada  Centre  for  Remote  Sensing  (CCRS). 
is  described  in  detail  by  [  1 6 J .  It  consists  of  a  dual-wavelength 
and  dual-polarization  SAR  that  simultaneously  images  at  X- 
band  (3.2  cm)  and  A,  band  (23.3  cm).  Recenlly.  a  C-band 
(5.3  cm)  wavelength  capability  has  been  added  to  this  system 
The  Marineland  data  presented  in  this  paper  were  obtained 


fioni  the  horizontal-transmit  lioiizontal  leccive  channel  i HH > 
of  both  .V  and  /.  band  leceivers 

The  along-tiack  oi  azimuth  icsulution  ot  the  TRIM  system 
is  obtained  from  the  synthetic  epeituie  technique'  given  by 
[  1  j  and  tin  v  cross-track  oi  lange  icsolutioii  Horn  compression 
ot  the  frequency  modulated  pulse.  Dunne  flight  the  iaj.ii 
signals  are  lecoided  in  then  I  requeue)  -dispel  sed  lorm  and  a:e 
laier  optically  compressed  in  a  giound-based  pnwessot  The 
latter  has  been  extensively  descnbed  m  [17| 

Typically  in  a  SAR.  the  phase  history  ot  a  scattering  point 
in  the  scene  is  recorded  on  photographic  lilm  as  an  anamoi- 
phic  (astigmatic)  Fresnel  zone  plate.  The  paiameteis  of  the 
zone  plate  are  set  in  the  azimuth  diieclion  by  the  Dopplei 
frequencies  piodueed  by  the  relative  motion  between  the 
sensor  and  the  point  scatterei .  and  in  the  ranee  direction  by 
the  structure  of  the  transmitted  pulses.  The  film  image  is  a 
collection  ot  superimposed  zone  plates  representing  the  col¬ 
lection  ol  point  sealterers  m  the  scene.  This  lilm  is  used  by  a 
coherent  optical  processor  to  focus  the  anamorphm  zone 
plates  into  points,  which,  when  coherently  combined  and 
detected  (imaged  >.  recreate  the  microwave  scalier  of  the 
scene. 

Fig  1  is  a  schematic  oi  a  typical  SAR  optical  processm 
Shown  on  the  figure  are  the  spherical  and  cylindrical  tele¬ 
scopes  used  to  control  image  focus. 

The  SAR  ocean  wave  data  set  used  in  this  study  was  col¬ 
lected  at  Marineland.  FL.  during  mid-Decembei  ll>~5  This 
historical  data  base  is  unique  because  of  the  quality  ol  this 
high  resolution  SAR  data  and  the  suiface  truth  data  col¬ 
lected.  The  Marineland  Experiment  was  conducted  to  ob¬ 
tain  SAR  ocean  wave  data  in  support  ol  the  Seasal  /.-hand 
SAR  1 1 8  J  Wave  height  and  dilection  of  long  waves  and  slope 
intensity  of  capillary  and  short  gravity  waves  were  measuicd 
by  an  array  of  in  situ  instruments,  including  a  capillary  sens  oi 
mounted  on  a  wave  follower,  pitch-and-roll  buoy,  and  paired 
orthogonal  current  meters 

The  SAR  system  was  flown  over  the  Marineland  test 
area  using  the  flight  pattern  shown  m  Fig.  2  This  enabled 
the  authors  to  study  the  sensitivity  ol  the  SAR  to  wave 
orientation  with  respect  to  radar  look  diieclion 

The  data  used  in  this  study  vveie  collected  on  Dec  15 
1975.  The  surface  enviionmental  conditions  oil  this  day  c>n 
sisted  of  a  wave  Ham  identified  as  swell  with  an  8-s  dominant 
period  and  1.5-  to  1  8-m  significant  wave  height  111,  ,1 
propagating  toward  275  degiees  tine.  The  winds  weie  5-" 
m/s  from  due  east  (90  true). 

IV  DATA  ANALYSIS  AND  R!  SI  I  TS 

A  series  ol  backscattei  measurements  weie  peitoimed 
on  the  data  collected  on  Dec.  15.  1(>~5  The  backscattei 
measurements  are  referred  to  as  wave  modulation  depth  Scans 
The  wave  modulation  depth  scans  measuie  the  vanalion  m 
image  intensity  associated  with  backscattei  hum  dilteient 
points  along  the  profiles  of  long  waves.  These  measurements 
were  obtained  by  scanning  in  the  direction  ol  wave  ptopag.i 
Mon  with  an  aperture  corresponding  to  456  m  along  the  wave 
ciest  and  2.18  m  in  the  propagation  direction  This  aperture 
provided  sufficient  signal-to-noise  ratio  lor  the  individual 
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Fig.  1.  Schematic  diagram  ot  a  typical  SAR  optical  provewM.  1  he 
spherical  telescope  controls  the  range  locus  while  the  c\!indn*..i! 
telescope  is  responsible  lor  a/imuth  locus. 


wind  conditions 
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Fig  2.  1  RIM  flight  patterns  flown  over  Marineland  test  site  on  Dec  15. 

1975  Both  land  and  water  are  imaged  on  passes  3,  4,  and  6.  The  air¬ 
craft  heading  with  respect  to  true  north  is  given  in  parentheses  next 
to  the  pass  number  The  surface  wind  and  wave  conditions  during 
the  data  collec  tion  flight  are  also  shown. 


scans  to  insure  repeatable  measurements.  Additionally,  it  was 
experimentally  determined  that  the  optical  probe  could  be 
misaligned  as  much  as  ±7°  with  respect  to  the  wave  propaga¬ 
tion  direction  without  adversely  affecting  the  modulation 
measurement.  These  modulation  depth  measurements,  which 
are  indicators  of  wave  detectability,  were  made  as  a  function 
of  a)  azimuth  focus  and  telerotation  adjustments  for  both 
azimuth-  and  range-traveling  waves'  b)  wave  direction  with 
respect  to  radar  look  direction;  c)  SAR  resolution,  and  d) 
number  of  coherent  looks  (amount  of  noncoherent  integra¬ 
tion). 

Fig.  3  is  an  example  ot  a  wave  modulation  depth  scan  of 
the  type  produced  by  using  the  Marineland  signal  film  and 
placing  a  recording  photomultiplier  in  the  output  plane  of 
the  optical  processor.  By  placing  a  recording  photomultiplier 
in  place  of  the  taAR  image  film,  a  wave  modulation  results 
where  the  waves  themselves  modulate  the  scan.  The  position 
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and  orientation  of  the  modulation  depth  measurement  was 
held  constant  for  each  individual  azimuth  and  range  foais 
test,  thus  ihe  scans  were  made  using  the  same  portion  o!  file 
signal  film  and  only  the  focus  was  varied  for  eacli  scan.  As 
evident  on  Fig.  3,  an  overall  change  in  mean  backscatter  with 
radar  range  occurs  across  the  scan.  Wave  patterns  in  the  image 
are  superimposed  on  this  mean  variation  Therefore,  detrend¬ 
ing  of  the  backscatter  signal  obtained  in  the  modulation 
scans  is  necessary  to  accurately  specify  the  modulation  depth 
This  is  accomplished  by  two  procedures.  For  a  maximum  A 
(see  Fig.  3)  followed  by  a  minimum  B.  followed  b>  a  maxi¬ 
mum  C.  the  following  equation  can  be  used. 


Mh  = 


IB- A  -C 
2 B  +  A+C 


C) 


For  a  minimum  B,  followed  by  a  maximum  C.  followed  by  a 
minimum  Z>,  the  following  equation  can  be  used. 


Af„"  = 


B  +  D-2C 
B  +  D  +  2C 


(3) 


Finally,  to  obtain  a  single  modulation  depth  measurement 
for  a  given  wave,  we  average  Md  and  Md" 


Md  +  Md' 


(4) 


86 


1.1  1  JOl'KNAI  Ol  (K1AN1C  1  NI.INI  I  KIM.,  VOI  .  Ol  8.  M).  2.  Al'KIl  1  K 3 


ttifafi  iftMlittofttiitVtrifM  i 

(b)  Opti*jm  Focui  'Corrected 


I  ig.  4.  /.-band  (HID  SAR  wave  data  optically  processed  (a)  Assuming 
a  stationary  target,  (b)  Accounting  lor  wave  motion. 


By  using  many  different  focusing  adjustments,  numerous 
wave  modulation  scans  similar  to  Fig.  3  were  produced  for  a 
given  area  of  wave  imagery.  The  25  to  30  modulation  depths 
produced  for  each  of  the  different  focus  setting  scans  were 
then  analyzed  with  respect  to  their  variances  using  techniques 
outlined  in  [19)  to  test  if  focusing  adjustments  increased 
contrast  in  wave  imagery  (contrast  being  defined  as  the  highest 
average  modulation  depth).  In  addition  to  modulation  depths 
made  as  a  function  of  focus  adjustment,  modulation  depths 
were  also  made  as  functions  of  radar  look  direction,  resolu¬ 
tion.  and  amount  of  mixed  integration 

A.  Wave  Detectability  Versus  SAR  Processing  Settings 

Azimuth-  and  range-traveling  wave  enhancement  tests 
were  performed  on  the  SAR  data  collected  during  the  Marine- 
land  Experiment.  As  reported  in  [19],  a  higher  modulation 
(crest-to-trough)  depth  resulted  when  the  SAR  imaged  gravity 
waves  were  processed  assuming  a  motion  that  is  in  the  near 
proximity  of  the  phase  velocity  of  the  dominant  gravity  waves 

As  discussed  earlier,  the  velocity  and  acceleration  compo¬ 
nents  of  wave  motion  modify  the  r.  dar  backscatter  so  that 
conventional  data  processing  results  in  defocused  and  dis¬ 
placed  images.  If  the  defocusing  effect  is  caused  by  the  azi¬ 
muth  velocity  component,  then  this  effect  can  be  compen¬ 
sated  in  part  by  changing  the  azimuth  focus  control  in  the 
processor  in  proportion  to  the  azimuth  velocity  or  radial 
acceleration  component.  A  sample  of  an  /.-band  wave  image 
processed  assuming  stationary  and  moving  surfaces  is  shown 
in  Fig.  4.  The  waves  are  more  clearly  discernible  in  the  image 
corrected  for  wave  motion.  In  this  case,  the  corrected  image 
was  processed  to  account  for  an  azimuthal  target  velocity  of 
approximately  12  tn/s.  The  wave  phase  velocity  was  approxi¬ 
mately  12.5  m/s.  It  should  be  noted  that  the  waves  in  Fig.  4 
are  traveling  at  almost  60°  from  the  azimuth  direction.  Thus 
the  wave  pattern  is  effectively  moving  almost  twice  as  fast  in 
the  azimuth  direction  as  in  the  wave  propagation  direction, 
and  the  correction  applied  would  correspond  to  half  of  this 


effective  translation  velocity.  The  focus  adjustment  tor  orbi 
tai  accelerations  is  also  of  the  same  ordei  ol  magnitude  [5] 
so  it  is  not  possible  to  determine  which  is  the  dominant  efiect 
based  upon  this  observation  alone. 

Figs.  5  and  b  show  wave  enhancement  tests  performed  on 
azimuth-  and  range-traveling  waves  for  /,-  and  A-band  SAR 
data,  respectively  Dec.  15th  Marineland  data  from  pass  1 
(see  Fig  2  )  at  six  different  locations  (six  values  averaged  I 
and  from  pass  2  at  one  location  were  used  in  this  azimuth 
focusing  test.  The  waves  in  pass  1  are  traveling  m  a  Jiuvtion 
ranging  from  20°  to  60"  from  the  azimuth  direction  and 
should  be  sensitive  to  azimuth  focusing  enhancements  The 
waves  in  pass  2  travel  in  nearly  the  range  direction  and  should 
be  relatively  insensitive  to  azimuthal  focusing  enhancements. 

Six  shifits  of  the  cylindrical  telescope  were  used  on  the  I. 
band  data  in  the  processor,  as  indicated  in  Fig  5.  Four  tocu> 
shifts  corresponding  lo  five  azimuth  target  velocities  weie 
used  on  the  A-band  data  (see  Fig.  b).  The  0.0-mm  focus  shitt 
indicated  on  the  figures  reflects  a  stationary  target  setting 
while  the  (  )  and  (  +  )  values  indicate  movement  of  the  cylin¬ 
drical  telescope  toward  and  away  from  the  signal  plane  ol 
the  optical  processor,  with  respect  to  the  0.0-mm  focus  set¬ 
ting.  A  3-  X  3-m  resolution  setting  was  used  in  processing  the 
signal  film  in  the  optical  processor.  The  3-  X  3-m  lesolutiou 
determines  the  depth  of  focus  o!  the  measurement  and  is 
indicated  on  the  graphs.  Note  the  depth  of  locus  is  largei  lot 
the  A-band.  thus  a  larger  range  of  velocities  can  be  represented 
with  one  focus  setting  in  thp  A-band  processor.  Also  indicated 
on  the  figures  aie  the  phase  velocities  for  the  waves  present 
lit  pass  1.  These  velocities  were  calculated  assuming  deep 
water  waves.  The  orbital  velocity  (an  order  ot  magnitude  lowei 
than  the  phase  . cloctty)  is  adequately  represented  by  the  0  0 
mm  or  stationary  focus,  since  the  azimuthal  focus  slult  to 
orbital  velocity  is  nearly  zero  and  within  the  depth  lixin  ot 
both  the  A-  and  /.-band  processors  [ 20 1 

Fig.  5  typifies  the  results  obtained  using  azimuth  ti-su- 
shift  corrections  to  refocus  /.-band  SAR  wave  image' y  A' 
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I  ig.  b  (iraph  of  modulation  depth  versus  azimuth  focus  setting  for 
azimuth-  and  range-traveling  gravity  waves  for  A’-band  passes  1  and 
2.  Arrows  indicate  effective  phase  velocity  in  azimuth  direction  for 
two  wave  propagation  directions  (g>)  with  respect  to  azimuth.  For 
example,  e>  *  0°  for  azimuth-traveling  waves. 


observed  on  the  graph  for  azimuth-traveling  waves  imaged  by 
an  /.-band  SAR.  a  greater  wave  contrast  (modulation  depth) 
occurs  when  the  SAR  data  is  adjusted  for  a  target  velocity 
that  lies  in  the  proximity  of  the  phase  velocity  of  the  domi¬ 
nant  gravity  wave.  Note  the  range-traveling  wave  (pass  2) 
data  is  insensitive  to  the  azimuthal  focus  settings.  The  X-band 
data  in  Fig  6  does  not  appear  to  be  motion  sensitive.  This 
is  most  iikely  due  to  the  large  depth  of  focus  and  short  inte¬ 
gration  times  for  the  Af-band  (20).  (21 J.  The  analysis  of  the 
focusing  experiments  for  the  Af-band  data  indicated  there  was 
no  appreciable  change  in  modulation  depth  for  A(-band  unless 
extreme  focus  shifts  of  ±15  mm  were  reached.  Thus  for  X- 
band  data,  it  appears  that  azimuth  traveling  waves  are  rela¬ 
tively  insensitive  to  wave  motion  effects,  and  it  takes  shifts 
of  many  depths  of  focus  (±15  mm)  to  defocus  ocean  wave 
imagery.  The  modulation  depths  for  pass  2  showed  no  de¬ 
pendence  on  focus  shifts,  indicating  that  range  traveling  waves 
imaged  with  an  A" -band  SAR  are  relatively  insensitive  to  all 
a+muth  velocity  effects  resulting  from  gravity  waves.  Note  in 
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lie.  7.  Graph  ol  modulation  depth  versus  telcrot.ition  t.u  /  -Im;  : 
passe*,  2  and  b.  The  ii jir*  !o:  lhc\c  passes  arc  primarily  rai.zt 
trawling. 

comparing  the  modulation  depths  in  Figs.  5  and  0  that  ranee 
ttaveling  waves  imaged  at  .V-battd  have  significantly  higher 
modulation  depths  when  compared  to  the  lunge-ii avcling 
/.-band  data. 

A  series  of  measurements  sitmlai  to  those  nude  to:  a/t 
muth-ttaveling  waves  were  made  lot  range-traveling  hai* 
Radial  (range)  velocity  effects  can  also  vause  blurting  m  the 
resulting  SAR  imagery.  Similar  to  azimuthal  motion,  tangc 
velocity  effects  can  be  partially  corrected  for  in  the  optical 
processor.  The  adjustment  requires  rotation  of  the  cyhndn 
cal  lenses  of  the  optical  processor  (hereafter  referred  to  as 
telerotation).  The  correction  is  necessary  because  the  motion 
in  range  causes  an  apparent  tilt  to  the  SAR  signal  histones 
[14]. (15], 

The  /.-bund  data  from  passes  2  and  o  (see  Fig.  2  I  vvetc  used 
in  this  experiment.  Both  passes  have  essentially  range-n jveltng 
waves  in  them  with  the  aircraft  heading  varying  ISO’  between 
the  two  passes.  In  pass  6.  the  waves  are  traveling  toward  the 
radar  (the  radar  look  direction  is  upvvave).  and  m  pass  2 
the  radar  was  looking  nearly  downwave 

Imaging  waves  moving  away  from  the  aircraft  (a  downwave 
radar  look  direction)  requires  a  negative  telerotation,  while 
imaging  waves  moving  toward  the  aircraft  (an  upwavc  radar 
look  direction)  requires  a  positive  (elerotation  If  two  sets  ol 
waves  are  imaged,  with  the  only  difference  being  opposite 
look  diiections  (i.e..  180°  apart),  the  telerotation  magnitude 
needed  to  correct  for  image  distortion  due  to  radial  velocity 
should  be  the  same  for  each,  one  being  a  negative  correction 
(downwave)  and  the  other  being  a  positive  adjustment  (up- 
wave). 

To  study  this  radial  velocity  phenomenon,  wave-fiequency 
scans  of  pass  2  with  seven  telerotations  from  2.0  to  -M  0  de¬ 
grees.  and  of  pass  6  with  seven  telerotations  from  1  0  to 
+2.0  degrees  were  made  on  the  optical  processor  The  1.0 
degree  setting  for  pass  2  corresponds  to  approximately  the 
phase  velocity  of  the  waves.  For  pass  6.  +1.0  degrees  corre¬ 
sponds  to  the  phase  velocity  correction  The  correction  foi 
wave  orbital  velocity  for  both  passes  2  and  6  is  best  represented 
by  the  0°  setting. 

Results  of  the  tadial  velocity  scans  arc  graphically  shown  in 
Fig.  7.  The  graph  indicates  that  rotation  of  the  ^ylindiical 
optics  of  the  SAR  processor  is  effective  in  improving  wave 
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image  contrast  for  range-traveling  waves  in  the  Marineland  L- 
band  radar  data.  This  velocity  correction  corresponds  closely 
to  the  phase  velocity  of  the  waves  and  cannot,  to  our  know¬ 
ledge.  be  explained  by  any  alternative  hypothesis 

The  improvement  in  wave  contrast  by  rotation  of  the  pro¬ 
cessor  cylindrical  telescope  was  achieved  without  offsetting 
the  azimuth  frequency  bandpass.  The  moving  waves  seem  to 
be  able  to  produce  rotated  signal  histories  without  the  ex¬ 
pected  azimuth  Doppler  spectrum  shift.  One  possible  explana¬ 
tion  for  this  observation  is  that  the  azimuth  Doppler  spectrum 
is  influenced  by  the  actual  scatterer  motions,  which  are  re¬ 
lated  to  the  orbital  velocity,  while  the  phase  history  rotation 
is  due  to  the  change  in  the  brightest  scatterers.  which  is  re¬ 
lated  to  the  phase  velocity  [15| . 

B.  Wave  Detectability  Versus  Radar  Look  Direction 

The  eight-sided  (light  pattern  at  Marineland  was  used  to 
quantify  the  dependency  of  radar  look  direction  on  wave 
detectability.  Fig.  8  shows  an  identical  ocean  area  simultane¬ 
ously  imaged  with  X-  and  L- band  SAR  on  Dec.  15.  1975. 
Shown  on  the  figure  are  three  cases  consisting  of  the  radar 
looking  cross-wave  (upper  figures),  down-wave  (middle),  and 
up-wave  (lower  figures).  Qualitative  evaluation  of  the  figure 
indicates  that  range-traveling  waves  are  more  discernible  than 
azimuth-traveling  waves. 

Wave  modulation  depth  scans  for  the  eight-sided  pattern 
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!  it'.  9.  Graph  ol  nwduliilion  depth  versus  wj\c  unde  oil  j/imuth  :•>: 
h.»rh  \  and  /.-band  passes  ]  thru  8. 

from  Dec.  15  were  examined  to  better  quantify  the  wave 
detectability  as  a  function  of  look  angle.  For  the  /.-band  data, 
three  distinct  focus  sellings  were  used  to  generate  wave  scans 
at  the  optimum  tucus  setting  for  a  given  pass:  thus  a  total  ol 
four  separate  scans  were  produced  for  each  pass  (three  /.-band 
and  one  .Y-band)  For  the  /.-band  data,  the  scan  producing 
the  highest  average  modulation  depth  was  assumed  to  be  the 
one  in  focus,  the  other  two  were  discarded. 

Fig.  9  is  a  graph  of  modulation  depth  versus  radar  look 
direction.  For  .V-band.  it  is  evident  that  azimuth-traveling 
waves  are  significantly  less  detectable  than  range-traveling 
waves.  A  similar  drop  in  modulation  depth  for  60c  is  present 
in  the  /.-band  data,  but  the  decrease  is  less  dramatic.  Never¬ 
theless.  Fig.  9  indicates  that  waves  are  more  detectable  at  X- 
band  compared  to  /.-band  at  all  radar  look  angles  (see  (12)  t. 
It  is  useful  to  note  that  once  the  focusing  adjustment  is  made 
for  L- band  data,  the  waves  become  nearly  equally  detectable 
regardless  of  look  angle. 

C  Wave  Detectability  as  a  Function  of  SAR  Resolution  and 
Mixed  Integration 

A  section  of  /.-band  (HH)  data  from  pass  1  obtained  in  deep 
water  on  Dec.  15  was  used  to  test  the  effects  of  resolution  cell 
size  on  modulation  depths.  The  SAR  data  were  optically  proc¬ 
essed  to  resolutions  of  3  X  3m:5X  5  m;  6.25  X  8  m:  25  X  bin; 
and  25  X  25  m  in  azimuth  and  range,  respectively .  Since  the 
resolution  of  a  SAR  image  is  a  function  of  the  bandwidth  used 
in  the  optical  processor,  reducing  the  bandw  idth  achieves  a  pro¬ 
portional  reduction  in  resolution.  Also,  it  is  noted  that  a  reduc¬ 
tion  in  bandwidth  is  proportional  to  a  reduction  in  synthetic 
aperture  length,  the  time  necessary  to  imageagiven  object.  Thus 
synthetic  aperture  length  is  important  because  of  the  motion 
of  the  ocean  scatterers  during  imaging. 

Fig.  10  shows  the  SAR  wave  imagery  processed  to  the  five 
resolutions  discussed  above  By  inspection  of  the  figure,  the 
3-  X  3-m  resolution  wave  image  appears  most  discernible  from 
the  standpoint  of  wave  detectability.  Waves  are  also  clearly 
discernible  in  the  5-  X  5-  and  6.25-  X  8-m  resolution  images. 
No  waves  are  visible  in  the  25-  X  8-  or  25-  X  25-m  resolution 
images. 

The  effects  of  mixed  integration  techniques  on  the  inodula 
tion  depth  was  also  investigated.  Mixed  integration  is  an  opti¬ 
cal  processing  technique  which  allows,  for  a  specific  band- 
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Fig.  10.  L -bjml  (1IH)  SAR  wave  data  from  pass  1  optically  processed 
to  live  different  resolutions. 

width  in  the  processor,  a  reduction  in  the  speckle  effect  at  the 
cost  of  spatial  resolution  (see  [22|  for  an  in-depth  discussion 
of  mixed  integration  theory).  The  question  arises,  given  a 
bandwidth  in  the  optical  processor,  will  the  modulation  depth 
be  affected  by  taking  a  single-look  full-resolution  scan  as 
compared  to  a  multiple-look  reduced-resolution  scan,  using 
the  equivalent  bandwidth. 

For  this  investigation,  the  pass  and  location  of  L- band 
data  used  previously  was  reprocessed.  Scans  were  made  using 
three  separate  resolutions:  3X3  m:  6.25  X  8  in:  and  25  X 
8  m  in  azimuth  and  range,  respectively.  The  25-  X  8-m  resolu¬ 
tion  scan  was  processed  using  four  looks,  while  the  other  two 
used  only  one  look.  The  modulation  depth  was  then  calculated 
in  the  standard  manner. 

The  result  of  this  investigation  which  utilized  a  one-way 
analysis  of  variance  indicated  significant  differences  exist 
between  the  3-  X  3-m  resolution  scan  modulation  depth  and 
those  for  both  the  6.25-  X  8-  and  25-  X  8-m  resolution  scans. 
No  significant  differences  were  delected  between  modulation 
depths  from  the  6.25-  X  8- and  the  25-  X  8  m  resolution  scans 
[19) .  The  lack  of  a  noticeable  difference  between  the  6.25-  X 
8-m  resolution  one-look  scan  and  25-  X  8-m  resolution  four- 
look  scan  suggests  that  wave  detectability  is  not  strongly 
dependent  on  the  use  of  one-look  full  resolution  versus  multi¬ 
ple-looks  reduced  resolution  processing.  The  noticeable  dif¬ 
ference  between  the  3-  X  3-m  resolution  modulation  depths 
and  the  6.25-  X  8-m  resolution  modulation  depths  is  pro¬ 
duced  by  decreased  resolution  as  noted  earlier.  Noting  that 
the  waves  being  imaged  are  approximately  100  m  long,  it  is 
qualitatively  suggested,  based  on  these  results,  that  waves  can 
only  be  detected  if  their  wavelength  exceeds  four  resolution 
cells. 

V  CONCLUSIONS 

The  environmental  conditions  encountered  during  the 
Marineland  experiment  corresponded  to  low  wind  speeds, 
low  wave  heights,  and  relatively  short  wavelengths.  The  re¬ 
sults  presented  in  this  study  are  considered  valid  only  for  such 
conditions. 

The  analysis  of  modulation  depth  as  a  function  of  wave 
velocity  indicates  that  maximum  modulation  depth  occurs 
when  a  motion  c  erection  is  utilized  corresponding  to  a  veloc¬ 


ity  that  is  in  the  near  proximity  ot  the  phase  velocity  ol  the 
dominant  gravity  wave.  This  occurs  for  both  azimuth-  and 
range  tiaveling  waves.  These  results  may  be  consistent  with 
either  the  phase  velocity  (19),  (23)  or  the  acceleration  1 5 J 
explanations  of  this  effect  /,-band  data  is  more  sensitive  to 
wave  motion  associated  with  the  dominant  giavity  waves 
than  .V-band.  In  summary,  the  detectability  of  azimuth- 
and  range-traveling  waves  can  be  improved  by  adjusting  the 
focal  distance  and  rotation  ol  the  cylindrical  telescope  in  the 
SAR  processor.  These  wave  detectability  enhancement  tech¬ 
niques  are  inversely  proportional  to  the  SAR  platform  velocity . 
thus  this  may  less  important  for  SAR  systems  that  utilize 
faster  moving  platforms. 

The  modulation  depth  results  derived  from  the  Marineland 
data  indicated  that  optimum  wave  detectability  is  achieved 
when  A" -band  frequency  is  used  and  when  the  radat  is  essen¬ 
tially  looking  in  the  range  direction.  It  is  of  interest  to  note 
that  /,-band  range-  and  azimuth-traveling  waves  have  about  the 
same  modulation  depth  when  the  waves  are  visible  provided 
that  focusing  adjustments  are  made  for  azimuth-traveling 
waves. 

The  greater  modulation  depths  produced  by  the  A'-band 
SAR  may  be  explained  in  part  by  considering  SAR  system 
effects.  A'-band  data  has  a  larger  depth  of  focus  than  /.-band, 
and. therefore,  the  azimuth-traveling  w>aves  are  not  appreciably 
defocused  as  commonly  occurs  on  /,-band  images  of  compara¬ 
ble  resolution.  The  A'-band  also  incorporates  a  shorter  synthe¬ 
tic  aperture  length  or  integration  time  than  /.-band.  By  using 
a  shorter  integration  time,  there  are  more  limited  motion 
effects  (azimuth  velocities  or  range  acceleration)  which  di¬ 
rectly  affect  the  azimuth  or  Doppler  resolution.  The  integu- 
tion  time  for  the  ER1M  A'-  and  /,-band  SAR  system  flown  at 
Marineland  was  0.34  and  2.47  s.  respectively  .  Accelerations 
due  to  wave  motion  during  the  integration  time  causes  de¬ 
gradation  of  azimuth  resolution.  The  longer  integration  time 
required  for  /.-band  also  makes  it  more  sensitive  to  wave 
acceleration  compared  to  the  A'-band  SAR. 

The  resolution  tests  performed  on  the  /,-band  data  indicates 
that  the  100-m  waves  could  not  be  discerned  when  the  radar 
surface  resolution  was  coarser  than  20  X  20  m.  This  observa¬ 
tion  is  consistent  with  the  low  level  of  ocean  wave  detectabil 
ity  reported  by  the  JPL  L- band  SAR  system  which  also  col¬ 
lected  data  at  Marineland  The  resolution  for  the  JPL  /,- 
band  SAR  was  25  X  25  m.  It  is  qualitatively  deduced  that 
ocean  waves  need  to  be  at  least  four  times  longer  than  the 
SAR  resolution  to  be  detected.  The  Marineland  data  set  was 
not  sufficient  to  define  minimum  wave  height  and  wind 
speed  levels  for  detecting  waves. 
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Introduction 

Synthetic  aperture  radar  (SAR)  has  been  used  to  image  ocean  waves 
over  large  areas  from  both  conventional  aircraft  (Elachi,  1976; 
Shemdin,  et  al.,  1978)  and  from  satellites  (Gonzalez,  et  al.,  1979). 
Imaging  is  not  restricted  by  platform  size  or  altitude  as  with  real 
aperture  radar,  or  by  external  illumination,  as  with  photography.  SAR 
images  have  then  been  used  to  determine  surface  wave  direction  and 
wavelength.  Although  the  imaging  mechanism  has  not  been  explained 
completely,  the  forward  face  and  rear  face  of  sufficiently  large  waves 
exhibit  different  scattering  characteristics  at  SAR  wavelengths  and  can 
be  distinguished  in  SAR  imagery  (Shuchman,  et  al..  1978). 

The  Environmental  Research  Institute  of  Michigan  (ERIM)  has 
been  acquiring  and  processing  SAR  data  from  aircraft  for  several 
years  (Cindrich,  et  a(.,  1977).  In  October  1978,  ERIM  acquired  SAR 
data  on  a  flight  along  the  coast  of  Lake  Michigan  approximately  half¬ 
way  between  Pentwater  and  Ludington.  Michigan  (latitude  43'50'N). 

At  this  time,  the  University  of  Michigan’s  Department  of  Atmos¬ 
pheric  and  Oceanic  Science  was  operating  a  series  of  resistance  wave 
gauges  and  ducted  impeller  current  meters  in  the  nearshore  zone 
(Meadows,  1979).  This  paper  compares  SAR  wave  directional  spec¬ 
tra  measurements  to  in  situ  wave  spectra  obtained  in  the  surf  zone. 
Additionally,  the  SAR  Doppler  history  is  exploited  to  obtain  an  esti¬ 
mate  of  surface  current  magnitude  and  direction.  This  SAR  derived 
information  is  also  compared  to  the  in  situ  nearshore  surface  current 
sea  truth. 

The  following  sections  describe  the  in  situ  sea  truth  and  the  ERIM 
SAR  system.  Methods  of  computing  wave  direction,  waveiength ,  and 
current  information  from  the  SAR  are  discussed.  The  comparisons 
of  the  SAR  derived  information  with  the  sea  truth  are  good;  indicating 
remotely  sensed  surf  zone  information  is  a  useful  tool  to  oceanographers 
and  coastal  engineers.  In  addition,  directions  of  wave  travel,  as  ob¬ 
tained  from  the  SAR  coastal  imagery,  are  shown  to  be  consistent  with 
classical  wave  refraction  calculations. 

Data  Collection 

On  18  October,  1978  at  approximately  16:35  EST,  SAR  data  was 
collected  along  the  shoreline  of  Lake  Michigan  centered  at  latitude 
43°50'N.  The  site  for  this  field  experiment  was  the  eastern  shore  of 
Lake  Michigan,  between  the  cities  of  Ludington  and  Pentwater, 
Michigan.  This  thirteen-kilometer  section  of  shoreline,  extending 
approximately  north-south,  is  characterized  by  a  multiple-barred 
bathymetry  with  nearly  straight  and  parallel  contours.  The  SAR  sys¬ 
tem  used  to  collect  the  data  was  the  ERIM  X-  and  L-band  dual-polar¬ 
ized  imaging  radar  described  by  Rawson,  ct  al.  ( 1975).  The  ERIM  SAR 
system  records  four  channels  of  radar  return  but  we  will  focus  our 
attention  here  on  the  X-band  horizontal-transmit-horizontal-receive 
channel  as  this  data  provided  the  clearest  wave  images.  The  SAR  was 
flown  at  an  altitude  of  6100  m  and  operated  with  a  center  incident 
angle  from  the  vertical  of  20  ,  yielding  a  swath  width  of  5.6  km.  The 
cross-track  or  range  resolution  of  SAR  is  imited  by  radar  frequency 
bandwidth  and  is  about  2  m  for  X-band.  The  along  track  or  azimuth 
resolution  is  obtained  from  the  synthetic  aperture  technique  described 
by  Brown  and  Porcello  (1968).  For  the  X-band,  the  azimuthal  reso¬ 
lution  is  about  2.5  m.  A  sample  of  the  X-band  imagery  showing  the 
location  of  the  coastal  array  (letter  A)  is  shown  in  Figure  1.  This 
SAR  data  was  processed  on  the  ERIM  processor  described  by 
Kozma  (1972). 

At  the  same  time  as  the  ERIM  flight,  the  University  of  Michigan, 
Department  of  Atmospheric  and  Oceanic  Science  was  operating  its 
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mobile  surf  zone,  wave  and  current  sensing  array  (Meadows.  1979). 
Monitoring  of  incident  wave  characteristics  and  longshore  current 
velocities  was  conducted  through  the  growth  of  a  significant  storm 
on  Lake  Michigan.  A  detailed  discussion  of  the  experimental  design 
is  presented  in  Wood  and  Meadows  (1975)  and  Meadows  (1977) 
Surface-piercing,  step  resistance  wave  probes  and  bi-directional  ducted 
impeller  flow  meters  were  employed  to  make  simultaneous  measure¬ 
ments  of  wave  and  current  conditions.  These  sensors  v.ere  oriented 
on  a  line  perpendicular  to  shore,  extending  I  font  the  beach  through 
the  outer  surf  zone.  Other  coastal  sensing  equipment  included  a 
directionally  mounted  motion  picture  camera  and  Lagrangian  drifters. 
Unfortunately,  increasing  wind  and  wave  action  on  17  and  18  October, 
destroyed  much  of  the  array,  howevei,  sufficient  sensors  survived  to 
make  this  comparative  study  possible.  A  representative  portion  of  the 
18  minute  record  from  the  outer  surf  zone  resistance  wave  gauge  is 
shown  in  Figure  2. 

Methods 

The  SAR  data  shown  in  Figure  1  was  digitized  using  the  ERIM 
hybrid  image  digitizer  (Aushcrman.  et  al.  1975).  The  data  was  digitized 
with  an  approximate  resolution  of  6  meters  (3  m  pixels).  The  range 
coordinates  of  the  digitized  data  were  analytically  corrected  for  slant- 
to-range  geometry  (Feldkamp.  1978).  Four  1.5  x  1.5  km  subsections 
(see  Figure  3)  with  6  meter  resolution  were  extracted  from  the  digi¬ 
tized  data.  The  four  sections  are  labeled  A-D  where  A  is  closest  to 
shore. 

The  3.0  m  pixel  digitized  SAR  images  were  converted  to  6  m  resolu¬ 
tion  by  4  pixel  averaging  in  order  to  increase  coherence  in  the  image. 
The  average  value  of  each  azimuthal  line  was  subtracted  from  the 
line  to  remove  the  trend  of  intensity  falloff  with  increasing  range  dis¬ 
tance.  Two-dimensional  fast  Fourier  transforms  were  performed  on 
each  256  x  256  cell  subsection  to  yield  raw  directional  wave  number 
spectra  with  a  Nyquist  wave  number  of  0.52  m  :.  The  raw  spectra 
were  smoothed  by  teplacing  each  value  with  the  average  of  the  sur¬ 
rounding  5x5  cell.  The  approximate  number  of  degrees  of  freedom 
for  the  resulting  spectrum  is  142  (Kinsman.  1965).  The  99%  confidence 
limits  are  then  -±  1.5  dB  (Jenkins  and  Waits.  1968). 

The  longshore  current  magnitude  and  directional  information  was 
extracted  from  the  SAR  data  by  exploitation  of  the  SAR  Doppler  his¬ 
tory  (Shuchman,  et  al.,  1979).  This  technique  takes  advantage  of  the 
fact  that  the  SAR  instrument  responds  primarily  to  backscatter  from 
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Figure  I.  X-Band  (HH)  SAR  data  used  in  study  (The  letter  A  indi¬ 
cates  approximate  location  of  surf  zone  array  Image  represent  3x3- 
meter  resolution.) 
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Figure  2.  Representative  Section  of  18  minute  time  history  of  water 
level  elevation  data  from  nearshore  resistance  wave  gauge 


capillary  waves,  which,  in  conventional  SAR  processing,  are  assumed 
stationary  with  respect  to  other  time  scales  of  the  radar  system.  How¬ 
ever,  these  scatterers  are  not  stationary;  they  move  with  a  characteris¬ 
tic  phase  velocity  as  well  as  with  a  velocity  due  to  the  presence  of  cur¬ 
rents  and  longer  gravity  waves.  The  radial  (line  of  sight)  component 
of  this  resultant  velocity  produces  a  Doppler  shift  in  the  temporal 
frequency  of  the  return  signal,  which  translates  to  a  spatial  frequency 
shift  recorded  on  SAR  signal  film. 

The  Doppler  frequency  shift  Of,.)  for  a  moving  target  relative  to  a 
stationary  target  in  a  SAR  system  is 


if,,  = 


2V, 

"  A 


0) 


where  V,  =  radial  component  of  target  velocity,  and 
/,  ~  transmitted  radar  wavelength. 

This  temporal  frequency  shift  will  produce  an  azimuth  spatial  fre¬ 
quency  shift  of 

if'  =  (2) 


on  the  SAR  signal  film,  where  P  =  azimuth  packing  factor,  and 
VAr  =  aircraft  velocity. 

Equations  2  and  3  can  be  combined  to  relate  radial  target  velocity 
to  Doppler  spectrum  shift: 

V  =  (3) 

2P 


Typical  values  for  /,  VAI  ,  and  P  for  the  imaging  of  the  Lake 
Michigan  data  are  0.032  m,  109  m  s.  and  15,000  respectively  This 
relationship  can  be  used  to  measure  the  average  radial  velocity  com¬ 
ponent  of  an  ocean-wave  scattering  field  relative  to  a  fixed-land 
scattering  field.  A  shift  in  the  azimuth  spatial  frequency  spectrum  be¬ 
tween  fixed-land  and  moving-ocean  surfaces  yields  an  estimate  for 
^f'.  Variations  in  spectrum  location  due  to  antenna  pointing  may  be 
eliminated  by  choosing  imagery  having  land  and  ocean  imaged  near 
simultaneously.  An  assumption  was  made  that  the  antenna  pointing 
angle  did  not  change  between  the  land  and  water  measurements  If, 
however,  the  antenna  angle  did  change,  a  slightly  higher  radial  velocity 
would  be  calculated. 

To  calculate  the  wave  spectrum  at  the  instrumented  surf  zone  site, 
the  total  1 8-minute  analog  record  shown  in  Figure  2  was  digitized  at 
0.25  s  intervals  and  analyzeJ  using  conventional  one-dimensional  fast 
Fourier  transform  techniques.  The  directional  information  was  ob¬ 
tained  by  utilizing  data  from  the  directionally-mounted  camera  and  the 
surveyed  positions  of  the  array  stations.  The  current  information  was 
obtained  by  again  using  the  directionally-mounted  camera  but  this 
time  photographing  the  Lagrangian  drifters  since,  by  the  time  of  the 
aerial  overflight,  the  lu^t  current  meter  station  had  been  destroyed. 


Results 


Figure  4  consists  of  contour  plots  of  energy  density  for  two 
test  areas(A&D)extracted  from  the  digitized  SAR  data.  Six  contour 
levels  are  given  in  3  dB  increments.  The  data  is  normalized  to  the 
highest  value  found  within  the  transform.  The  average  depth  for  each 
of  1.5  x  1.5  km2  areas  are  indicated  on  Figure  4.  Note  the  large 
amount  of  low  frequency  energy  on  the  contours  even  though  the 
data  was  extensively  corrected  to  reduce  the  DC  bias.  The  reason  for 
these  low  frequency  components  will  be  discussed  later.  These  contour 
plots  have  not  been  corrected  for  distortions  caused  by  wave  motion. 
The  SAR  process  distorts  the  apparent  wavelength  of  waves  moving 
in  the  azimuthal  direction  and  distorts  the  apparent  direction  of  waves 
with  a  velocity  component  in  the  range  direction.  A  detailed  description 
of  these  effects  and  the  appropriate  corrections  can  be  found  in  Raney 
and  Lowry  (1977)  and  Shuchman,  et  al.  (1979a).  The  contour  data 
presented  was  motion  corrected  and  those  results  will  be  presented  in 
table  form.  There  is  a  180  ambiguity  in  wave  direction  measured 
by  SAR  which  was  resolved  by  assuming  the  waves  were  coming  from 
the  west  and  therefore  propagating  towards  the  shore. 

Close  inspection  of  the  contour  plots  indicates  dominant  wave¬ 
lengths  of  43,  48.  and  55  meters  have  been  resolved  by  the  spectral 
analysis.  Although,  spectral  energy  was  resolved  at  wavelengths  as 
short  as  26  m,  only  the  dominant  wavelengths  have  been  utilized  in 
the  analysis.  The  general  direction  of  wave  travel  in  the  nearshore 
region  is  approximately  30  T.  Note  that  wave  refraction  can  be  ob¬ 
served  when  comparing  the  direction  obtained  in  area  D  with  the 
shallow  water  area,  A. 

Figure  5  is  a  scan  of  Doppler  history  for  stationary  land  and  the 
surf  zone.  Both  scans  used  a  1  x  1  kmJ  aperture.  The  surf  zone  scan  was 
centered  approximately  650  meters  offshore.  Note  on  Figure  5  how 
the  coastal  zone  (water)  scan  is  displaced  to  the  left  of  the  stationary 
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Figure  3.  General  study  area  showing  nearshore  bathymetry  and  lo¬ 
cations  of  fast  Fourier  transforms  performed  on  SAR  data 


Figure  4.  Contour  plots  of  fast  Fourier  transforms  (FFT’s)  of  SAR 
X-Band  Lake  Michigan  wave  data 
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Figure  5.  Plot  of  Doppler  displacement  caused  by  radial  velocity 
component  of  longshore  current  averaged  over  1  km*  area 


(land)  target.  This  indicates  a  radial  motion  away  from  the  radar.  Re¬ 
call  from  Figure  1  that  the  radar  was  traveling  with  a  heading  of 
270  T,  thus,  the  longshore  current  sensed  by  the  radar  was  in  the 
northward  direction.  The  Af'  frequency  which  is  used  in  Equation  3 
is  indicated  on  the  figure.  This  Af'  is  corrected  for  a  bias  caused  by  the 
laser  illumination  in  the  SAR  optical  processor.  A  Af'  of  0.55  Ip  mm 
was  detected,  which  indicates  a  current  velocity  of  approximately 
0.5  m  sec. 

A  summary  of  the  incident  surf  zone  conditions  during  the  SAR 
overflight  is  presented  in  Table  1.  They  were  obtained  by  statistical 
analysis  of  the  18-minute  continuous  sea  surface  elevation  record. 
A  representative  portion  of  this  surface  piercing  wave  staff  record  is 
presented  in  Figure  2.  A  one-dimensional  spectrum  of  this  wave  height 
data,  incident  at  the  outer  surf  zone,  is  shown  in  Figure  6.  The  domi¬ 
nant  frequencies  resolved  by  the  spectral  analysis  are  indicated  on 
the  figure.  In  addition,  the  calculated  wave  periods  and  deep  water 
wavelengths  are  also  shown  on  the  figure  for  each  of  the  major  spec¬ 
tral  peaks.  These  correspond  to  deep  water  wavelengths  of  13,  26, 
36,  44  and  54  m,  respectively  .  This  analysis  indicates  the  presence  of 
a  multi-component  incident  gravity  wave  group  with  dominant  periods 
in  the  range  of  3-6  s.  Significant  long-period  wave  components  have 
also  been  identified  with  the  wave  group.  The  periods  of  these  low  fre¬ 
quency  components  are  17.  40  and  a  less  significant  peak  at  59  seconds, 
respectively  and  appear  to  resemble  surfbeats  (Munk,  1949;  Tucker, 
1950).  These  results  are  consistent  with  measurements  of  near  .hore 
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Figure  6.  One-dimensional  wave  height  spectrum  of  water  surface 
elevation  time  history  from  resistance  wave  gauge.  Dominant  wave 
periods  and  wavelengths  are  as  follows:  (I)  T  40.0  s.  1.  --  685.9 
m.  (2)  T  -  17  2  s.  L  294  9  m.  (.3)  T  r-  8.1  s.  L  -  138.9  m; 
(4)  T  5.9  s.  L  54.3  m;  (5)  T  5  3  s.  L  --  43  8  m;  (6)  T  ~ 
4.8  s,  I,  35.9  m.  (7)  T  4.0  s,  L  25 .ft  m;  (8)  T  -  2.9  s,  L  ~ 
13.1  m.  (9)  T  2.6  s.  1.  10.5  m.  (10)  T  2  3  s.  I.  ,  8.25  m. 


Table  1 

Incident  Surf  Zone  Conditions  at  the  lime  of  the  SAR  Overflight 

Significant  Wave  Height  0  95  (m) 

Dominant  Wave  Periods  5.9,  5.3,  4.8.  4.0,  2.9  (s) 

Deep  Water  Wavelength  54.  44,  36.  25,  13  (m) 

Incident  Wave  Direction  57  r  5 ~ 

Longshore  Current  Velocity  0.26  (m  s) 

Longshore  Current  Direction  North  (360  T) 

Wind  Speed  7.5-10  m 's 

Wind  Direction  230  T 

multi-component  wave  trains  reported  by  Meadows  and  Wood  (1980;. 

Incident  wave  direction  and  longshore  current  velocity  were  deter¬ 
mined  by  a  frame-by-frame  analysis  of  synchronous  motion  picture 
sequence  from  the  shore  based  directionally-mounted  camera.  The 
mean  wave  angle  of  attack  to  the  beach  was  determined  to  be  57  :*  5 
(T)  and  the  mean  longshore  current  velocity  midway  across  the  acti*  „* 
surf  zone  w  as  0.26  m  sec  flow  ing  toward  the  north. 

Comparison  Between  the  SAR  and  Si  re  Zone  Measurements 

Table  2  provides  a  comparison  between  the  SAR  derived  surf  zone 
conditions  and  the  s*.a  truth  provided  by  the  surf  zone  array.  The 
values  presented  in  Table  1  represent  surf  zone  conditions  actually 
measured  at  the  shoreward  edge  of  test  area  A.  The  wave  directions 
and  wavelengths  were  then  corrected  for  depth  effects  using  classical 
linear  wave  theory.  The  depths  used  for  the  corrections  are  also  indi¬ 
cated  on  the  table.  The  SAR  derived  results  presented  in  Table  2  are 
also  corrected  for  the  previously  discussed  motion  distortions.  The 
excellent  agreement  between  SAR  observations  and  the  surf  zone 
sea  truth  shown  in  the  table  indicates  the  following: 

1.  The  dominant  surface  gravity  wave  wavelengths  and  direction 
are  obtainable  from  the  SAR. 

2.  These  observations  are  in  excellent  agreement  with  sea  truth, 
even  within  the  active  surf  zone. 

3.  Wave  refraction  can  be  observed  with  SAR  and  favorably  com¬ 
pares  to  the  calculated  refraction  using  classical  linear  wave 
theory. 

The  SAR  derived  radial  current  velocity  measurement  of  0  5  m  vec 
was  higher  than  reported  in  Table  1  (0.26  m  sec).  However,  recall 
that  the  current  measurement  derived  from  the  SAR  was  not  taken 
in  the  surf  zone  hut  was  centered  650  m  from  the  shore  Meadows 

Table  2.  Comparison  Between  the  SAR  Derived  Surf  Zone 
Condition  and  the  In  Situ  Sea  Truth 


SAR  Derived  Sea  Truth* 


Test 

Area 

Distance 

from 

Shore  (M) 

Depth 

(M) 

Dominant 

Wavelength 

<M) 

Direction 
<T  ) 

Wavelength 

(M) 

Direction 

m 

48 

47.72 

A 

900 

10.5 

43 

35  *  3 

43.7 

34  -  2 

53.8 

6 

2200 

14 

55 

30  *  3 

43.7 

30-2 

55 

55.3 

C 

4600 

27 

43 

25  *  3 

45.7 

28  •  2 

48 

55 

55.3 

D 

690" 

>1 

48 

25  ♦  3 

45.7 

28  •  2 

•  Actual  measurements  made  at  surf  zone,  values  for  test  areas  a-d  arc 
depth  corrected. 
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(1977  and  1979),  reports  that  under  certain  conditions,  an  increase  in 
longshore  current  velocity  as  one  moves  from  the  surf  zone  into 
deeper  water  may  be  expected.  As  presented  earlier,  the  SAR  Doppler 
measurement  is  a  radial  velocity  and  is  denoted  by  a  line  of  sight. 
Thus,  only  rather  coarse  directional  information  is  obtainable:  in  this 
case,  a  current  velocity  away  from  the  radar  look  direction  (north¬ 
ward  flowing  current).  Two  orthogonal  flight  headings  and  resulting 
current  measurements  could  greatly  enhance  the  directional  sensing 
capability. 

Discussion 

The  SAR  spectrum  data  presented  in  Figure  4  are  wave  number 
spectrum  of  the  radar  intensity  and  as  such  are  not  expected  to  have 
the  same  appearance  as  the  one-dimensional  spectrum  from  the  resis¬ 
tance  wave  gauge  (Figure  6)  which  was  determined  from  wave  height 
and  period  data.  Even  if  the  wave  number  spectrum  is  converted  to  a 
frequency  spectrum  or  vice-versa,  it  is  clear  that  the  SAR  spectra 
examined  here  cannot  be  easily  transformed  to,  or  interpreted  as,  wave 
height  spectra.  However,  the  wave  number  and  direction  of  the  peak 
energy,  determined  from  SAR  spectra,  agree  very  well  with  in  siiu 
measurements.  Synoptic  availability  of  even  these  parameters  is  cur¬ 
rently  unobtainable  by  conventional  ground-based  measurements.  This 
addition  represents  a  significant  advance  in  large  scale  wave  data 
acquisition. 

Both  of  the  SAR  derived  wav  spectra  presented  in  Figure  4 
exhibit  significant  low  frequency  components.  These  components 
were  observed  even  after  the  digital  SAR  data  was  extensively 
smoothed  and  the  intensity  falloff  in  the  range  direction  was  digitally 
corrected.  The  low  frequency  (near  zero  wave  number)  components 
could  in  fact  be  real  components  of  the  sea  surface  and  will  be 
further  evaluated  in  a  follow-on  study. 

Summary 

Synthetic  aperture  radar  (SAR)  surface  gravity  wave  data  of  the 
coastal  zone  of  a  portion  of  Lake  Michigan  has  been  compared  to 
in  situ  surf  zone  wavelength,  period,  direction,  and  surface  current 
information.  The  comparisons  were  favorable,  indicating  SAR's  utility 
as  a  tool  to  remotely  sense  coastal  zone  conditions.  This  could  in 
turn  enable  oceanographers  to  synoplically  study  the  entire  coastline 
of  large  water  bodies.  This  data  could  then  prove  useful  in  mapping 
not  only  surface  wave  climates  and  currents,  but  also  provide  a 
mechanism  for  rapid  and  large  scale  assessment  of  changes  in  coastal 
conditions. 

Specifically,  this  study  has  shown: 

1.  SAR  derived  wavelengths  and  directions  are  in  good  agreement 
with  sea  truth, 

2.  SAR  spectra  taken  in  various  water  depths  do  correlate  with 
predicted  wave  refraction, 

3.  Longshore  current  direction  and  relative  magnitude  as  obtain¬ 
able  from  SAR  Doppler  history  are  in  reasonable  agreement 
with  sea  truth,  and 

4.  Low-frequency  components  observed  on  SAR  spectra  seem  to 
correlate  with  low  frequency  "surf  beat"’  found  in  sea  truth 
spectral  estimates. 

It  should  be  mentioned  when  utilizing  SAR  data  such  as  presented 
in  this  paper,  that  the  SAR  spectral  estimates  presented  arc  wave 
number-directional  spectra  of  the  radar  return  intensity.  The  data  does 
not  represent  wave  height  information,  at  least  not  in  a  recognizable 
form  The  modulation  transfer  function  (i.e.,  SAR  gravity  wave 
imaging  mechanism)  is  not  totally  understood  at  the  present  time.  The 
determination  of  the  transfer  function  as  well  as  determination  of  wave 
height  using  SAR  data  will  be  a  major  scientific  advance.  At  that 
time,  it  would  then  be  possible  to  use  SAR  gravity  wave  data  to 
obtain  power  density  estimates  of  the  sea  surface 
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Analysis  of  MARSEN  X  Band  SAR  Ocean  Wave  Data 

R.  A.  Shi  chman,1  W.  Rosi  nihai  J.  D.  Lydln,1  D.  R.  Lyzenga.'  £{.  S.  Kams<  mki 

H.  Gunther,’  and  H.  Linnet 


Analysis  of  V  band  SAR  Imagers  collected  during  the  MARSKN  evperiment  indicates  that  the  AIM) 
111  SAR  system  Imaged  both  range-  and  azimuth-traveling  gravity  waves  However,  only  the  neat -edge 
portion  of  the  APD-IO  imagery  prov  ided  reliable  spectral  wave  estimates.  N  umerous  motion  artifact', 
which  manifest  themselves  as  azimuth-oriented  streaks,  are  visible  on  the  data  and  are  believed  in  be 
caused  bv  breaking  waves.  Because  ot  the  large  platform  velocity .  the  AIM)-  III  SAR  data  aie  relatively 
insensitive  to  wave  enhancement  adjustments  performed  during  the  processing  of  SAR  signal 
histories.  A  modulation  transfer  function  to  relate  SAR-derived  spectra  to  in  situ  measurement'  ha' 
been  developed.  The  transfer  function  is  smaller  and  falls  oft"  more  rapidly  with  wave  numbei  tot 
azimuth-traveling  waves  than  for  range-traveling  waves  This  is  a  consequence  of  the  smallct  inherent 
modulation  for  azimuth-traveling  waves  and  the  degraded  resolution  in  the  azimuth  direction  as  a 
result  of  motion  effects  and  agrees,  at  least  qualitatively,  with  theoretical  predictions 


I.  Introduction 

The  Maritime  Remole  Sensing  Experiment  ( MARSEN  > 
w  as  held  in  the  southern  part  of  the  North  Sea  during  August 
and  September  of  1979.  with  the  primary  goal  of  further 
developing  remote  sensing  techniques  for  the  retrieval  of 
oceanographic  information.  The  data  collected  during  this 
experiment  included  both  remotely  sensed  and  in  situ  mea¬ 
surements.  Among  the  remote  sensing  instruments  used  at 
MARSEN  were  synthetic  aperture  radars  (SAR'si.  Both  A 
band  (3.2  cm)  and  /.  band  (25  cm)  SAR  data  were  collected. 
In  this  paper  we  analyze  only  the  data  taken  with  the  .V  hand 
SAR 

The  purpose  of  the  SAR  participation  during  MARSEN 
was  to  better  understand  the  SAR  imaging  mechanism  for 
ocean  waves.  This  paper  presents  an  analysis  of  the  data 
collected  by  APD-IO  SAR  systems  mounted  in  RF-4  aircraft 
operated  by  the  United  States  Air  Force  of  Europe 
(USAFE).  The  analysis  consisted  of  (I)  examining  the 
effects  of  seatterer  motion  on  both  the  wave  imagery  and  the 
resulting  spectra.  (2)  studying  the  effect  of  aircraft  heading 
on  the  SAR-derived  spectral  estimates,  and  O)  performing  a 
comparison  between  the  SAR-derived  and  surface-measured 
spectral  estimates,  including  the  development  of  a  modula¬ 
tion  transfer  function  (MTF)  to  relate  the  two  measure¬ 
ments. 

Previous  experiments  with  aircraft  SARA  have  shown  that 
it  is  possible  to  detect  the  dominant  wavelength  and  direc¬ 
tion  of  a  surface  wave  field  | Slnnnlin  <■/  al..  1978.  Cionral c: 
i-t  al..  1979:  UcLeixh  et  al..  198(1:  l’a»ka  <■/  al..  1980|.  T  he 
shape  of  in  situ  and  SAR-derived  surface  wave  spectra, 
however,  show  large  differences.  It  is  therefore  worthwhile 
to  look  for  a  functional  relationship  between  in  situ  and  SAR 
spectra  and  to  determine  the  dependence  of  that  relationship 
on  the  relevant  environmental  parameters.  T  his  paper  pre¬ 
sents  first  results  of  such  investigations.  It  does  not  derive 
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them  from  theoretical  assumptions  about  the  mapping  mech¬ 
anism  but  uses  available  sea  truth  to  establish  quantitative 
empirical  relationships  with  the  SAR  image 

In  this  paper  we  present  first  a  description  ot  the  M  AR¬ 
SEN  test  site  and  APD-IO  system  1  his  is  followed  bv  a 
discussion  of  the  effects  of  ocean  seatterer  motion  on  the 
resultant  SAR  images.  Next,  spectral  comparisons  between 
the  SAR  and  in  situ  measurements  are  presented,  finally, 
the  development  of  a  modulation  transfer  function  is  do- 
cussed. 

2.  Daia  Di  st  ripiiun 

The  APD-IO  is  a  high-resolution,  airborne,  side-looking 
reconnaissance  SAR  operating  at  ,V  band  t  V2  emu  I  he  APD- 
IO  is  the  radar  portion  of  the  UPD-4  system,  which  includes 
a  ground-based  SAR  processor.  T  he  APD-IO  SAR  data  were 
recorded  on  24-cm  film  in  four  subswaths.  Each  subswath  is 
nominally  4.6  km  in  width,  vx it h  an  additional  0.46  km 
overlap  between  adjacent  channels.  The  nominal  operating 
parameters  for  the  APD-IO  at  MARSEN  are  listed  in  the 
following  table. 

APD-IO  Radar  Parameters  fot  MARSEN  High’.- 

0  (H2  m 
9.4  t.llz 

HH  (horizontal  transmit  hori¬ 
zontal  receive' 

tl  9S  Ws 

1(0  MHz  us 
'll  W 
18  x  km 

l-ni  slant  tango 
l-m  azimuth 

1  ts  km 
4  b  km 
2V2  km 
41 
82 

2  in  m  s 


Synthetic  aperture  radar  is  a  coherent  imaging  device  that 
uses  the  motion  of  a  moderately  broad  physical  antenna 
beam  to  synthesize  a  very  narrow  beam,  thus  providing  fine 
azimuthal  (along-trackl  resolution  | Hare,  r.  I9'0.  /Iron  »  and 
/'an  cllo.  I969|  fine  range  (cross-track  I  tosolulion  is 
achieved  bv  transmuting  either  very  short  pulses  or  longet 


Wavelength 

Frequency 

Polarization 

Pulse  width 
EM  rate 
•Average  power 
Swath  width 

Nominal  processed  resolution 

Platform  altitude 
Near-edge  slant  range 
Ear-edge  slant  range 
Near-edge  incidence  angle 
Ear-edge  incidence  angle 
Platform  velocity 
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}  it:  I  I  sample  ol  opm.illv  piosesscd  AIM)  In  1111.11:01  \  solicited  on  Scptcimvi  ,'s  pru  ,iil  the  ^ line  nl  h 


coded  pulses  lh.it  .ue  compressed  bv  matched  lilter mi;  tech- 
niques  into  equivalent  short  pulse' 

I  he  API)  1(1  ssstem  is  a  Ivpical  S  \K  in  the  sense  lh.it  the 
amplitude  ami  phase  historx  information  ol  the  relumed 
baekseatter  is  recorded  onto  photographic  him  tsignal  lilmi 
aboard  the  aireralt  I  hese  recorded  data  are  milt/cd  b\ 
processing  the  SAK  signal  lilm  into  image  tilm  In  iisine 
standaril  optical  processing  technuines  |/,o.nn/  <  l  til..  I‘t~2| 
and  digitizing  the  SAK  image  data  In  using  the  I  KIM  Ihbrul 
Image  Processing  1  acilitv  I  \n\li,  nn.in  <i  til..  Il>-s| 

I  ypicalU  .  the  Kl  -4  aircraft  on  ulmh  the  \ I ’  1 )  In  was 
mounted  (lew  a  mission  (or  Imei  consisting  ol  a  lour  oi  live 
sided  box  or  star  pattern  over  the  test  site  I  Ins  was  done  to 
determine  the  sensiiiviiv  ol  the  S \K  look  dneeiion  loi 
detecting  gras  in  waves  l.aeh  individual  change  of  aireiull 
direction  is  releried  to  as  a  pass  ol  data  wiihin  a  line  Ihe 
IH.5  km  svvalh  ol  data  consists  ol  loin  siibsw.it In  desienatevl 


A.  H.  C  .  ami  1)  i  the  nc.u  evlge  siibsw  alh  be  me  \  .mil  the  Pl¬ 
edge  being  subswath  I  > i  Dm  mg  the  M  \KS|  N  expennteiv 
the  AIM)  III  miaeed  o\ei  incidence  angles  laneine  1 1 » »n* 
appio\imatel\  40  to  SO  |  iumc  I  gives  ,m  ev.iiiipie  o|  t he 
AIM)- 10  data  collected  otl  the  iskmd  ol  S\  It 
SAK  iniagctv  collected  during  so  on  sep.u, tic  ini'Mt'iis 
o\ci  iwaicM  sites  were  processed  at  1  KIM  I  hese  test  sites 
ucic  two  instrumented  towers  in  (he  (ierni.in  Bight  in  the 
North  Sea.  One  towel  iNouKcei  was  located  appi  osmiatcl  v 
NO  k  west  ol  the  ( ret  man  islaiu!  ol  S \  1 1 .  the  olhet  towet 
<  Noordw  i|k i  was  situated  appi  oximalelv  10  km  west  ol  the 
Dutch  eoasf.  \  chair  show  ing  (he  general  lest  vie  .nu  is 
shown  in  I  igutc  2  Presented  in  I  able  1  .u e  t he  em  n oilmen 
tal  conditions  during  the  se\en  S  \R  data  collection  lliuht - 
Note  1 1  *  'ill  the  t.ihle  tli.it  during  the  experiment  the  «dU' 
tanged  in  peiiod  honi  vs  p,  so  ilfU|  in  siemtk.mt  w.i\i 
he  i  eh  t  lioni  I  o  to  I  2  m  Ihe  lange  ol  w  mils  pic  sent  v.mid 
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Fig.  2.  Char!  of  the  southern  portion  of  (he  North  Sea.  s  h  o  w mg  the  location  ol  the  Notdscc  anil  Noordwnk  u  .vaivh 
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(rom  A. A  to  10. A  m  s.  Data  collected  at  the  Nordsee  research 
tower  during  lines  7.  10.  and  12  are  presented  in  this  paper. 

The  environmental  data  came  from  ships  and  buoys  oper¬ 
ating  near  the  Nordsee  tower.  Located  at  the  tower  was  a 
wave  gauge  combined  w  ith  an  electromagnetic  current  meter 
(mounted  4  nt  below  the  surface  I  so  that  the  surface  eleva¬ 
tion  and  the  orbital  velocity  would  be  measured  at  the  same 
time.  These  data  time  series  were  collected  by  S.  Stolte  from 
the  ’Forschungsanstalt  fur  Wasserschall  and  (icophysik  der 
Bundeswehr.'  who  made  them  available  to  us.  These  time 
series  were  then  used  to  calculate  the  variance  spectrum  of 
the  surface  waves  together  with  the  mean  direction  for  a 
variety  of  frequencies.  This  in  situ  data  was  extensively 
compared  to  the  SAR-derived  spectral  estimates. 

A.  Ki  t  it  is  ot  St  \|  1 1  r  i  k  Mot  IONS 

Synthetic  aperture  radars  are  sensitive  to  velocity  compo¬ 
nents  present  in  the  imaged  scene  \Ruiuy.  1971],  KtVects  of 
wave  motions  present  in  SAR  imagery  may  include  ( I )  image 
displacement,  smearing  and  loss  of  focus  in  the  azimuth 
direction,  and  (21  loss  of  focus  in  the  range  direction.  Some 
of  these  effects  can  be  removed  during  processing  of  the 
SAR  signal  histories  by  making  appropriate  adjustments  to 
the  processor  \Shnchman.  1981).  The  effects  that  cannot  be 


removed  during  processing  may  reduce  the  del  ^ility  of 
gravity  waves  and  can  also  influence  the  w  spectral 
estimates  from  the  SAR.  as  discussed  in  secin 

Loss  of  focus  in  the  range  direction  is  due  to  .a  n  of 
the  phase  history  ol  the  target  (i.e..  migration  th  range 
cells).  This  loss  of  focus  is  proportional  to  the  range  velocity 
and  the  integration  time  and  can  be  corrected  h\  a  rotation  of 
the  lenses  in  the  optical  processor,  assuming  the  range 
velocity  of  the  target  is  constant  during  the  integration  time. 

Loss  of  focus  in  the  azimuth  direction  can  be  caused  by  a 
constant  velocity  in  the  azimuth  direction  or  a  changing 
velocity  (i.e..  an  acceleration!  in  the  range  direction.  These 
effects  can  be  corrected  by  a  change  in  the  azimuth  focus 
setting  of  the  processor,  assuming  that  the  azimuth  velocity 
and  radial  acceleration  are  constant  Since  they  are  both 
inversely  proportional  to  the  platform  velocity .  these  effects 
are  expected  to  be  less  important  for  the  AIM)- lt>  than  for 
lower-speed  aircraft  SAR  systems. 

The  effects  of  image  displacement  and  smearing  are  not 
correctable  during  processing.  An  image  displacement  in  the 
azimuth  direction  occurs  as  a  result  of  the  range  velocity  of 
the  target.  Since  the  range  velocities  of  the  sealterers  on  the 
ocean  surface  vary  with  position,  the  resulting  differential 
displacement  (velocity  bunching)  can  cause  the  wave  image 
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was  In  determine  if  SAK  data  collected  hi  the  \H>  In 
swum  .ire  also  sensitive  In  these  mnlu'it  compensation 
adjustments 

1  im  SAK  processor  adjustments  were  evaluated  hi  using 
I  he  MARSI'N  AH)- 10  data  set  to  determine  if  the  SAK  11.11  e 
imagery  could  he  improved.  these  processor  adiustments 
melude  ill  an  a/imuth  foeus  shift  to  correct  for  a/imuth 
velocities  and  range  accelerations  and  i2l  a  telerotatinn 
adjustment  to  correct  for  range  n  alls  -  these  two  processing 
adjustments  were  varied  during  the  optical  processing  so  as 
to  determine  the  sensitivity  ol  SAK  data  collected  hi  the 
AH)- 10  si  stem  to  locus  adjustment  techniques.  I  hese  locus 
adjustments  are  inverse!)  proportional  to  the  iclocin  of  the 
SAK  platform  Since  the  Kl  -4  has  a  high  platform  velocilv 
t  210  m  si.  the  adjustments,  if  necessary .  are  prohahli  quite 
small  and  the  ellect  on  SAK  imagery  quite  subtle. 

A/miuth  focus  shills  were  used  on  SAK  data  for  waves 
trttv cling  perpendicular  to  the  radar  line  of  sight,  and  range 
telerotation  adjustments  were  used  for  waves  traveling  par¬ 
allel  to  the  radar  line  of  siglu.  I  or  intermediate  cases  ., 
combination  a/imuth  focus  shift  and  range  tclcrotation  ad¬ 
justment  was  used,  l  or  calculation  ol  the  u/imulh  focus 
shifts,  the  range  walk  corrections,  and  the  combination 
a/imuth  and  range  corrections,  a  family  of  velocities  was 
used  that  ranged  from  a  stationary  target  to  twice  the  phase 
velocity  of  the  grav  it>  waves  present.  I  he  direction  of  wave 
propagation  was  not  assumed,  thus  positive  and  negative 
velocity  corrections  were  tested.  This  resulted  in  nine  veloc¬ 
ity  i allies  being  used  for  each  of  the  enhancement  tests.  In 
all.  a  total  of  seven  passes  of  imager)  from  three  lines  were 
ev . dilated 

lo  measure  wave  visibility,  a  crest-to-lroiigh  contrast 
measurement  called  a  peak-to-hackground  ratio  iIMfRi  was 
used  A  HfK  is  obtained  bv  measuring  the  peak  intensity  of 
the  two-dimensional  1  miner  transform  of  the  SAK  wave 
image  and  dividing  that  peak  by  the  lowest  intensity  at  the 
same  wave  number  |  Auium  like  and  Stun  Itnuiii.  HXI  |. 

live  separate  HfR  measurements  were  obtained  for  each 
telerolation.  focus  shift,  or  combination  setting  Hi  running 
,i  statistical  analysis  of  variance  lest  |  S//<  //< .  H'9|  on  the 
PBK's  from  a  set  of  focus  adjustments,  a  determination  w,is 
made  as  to  whether  the  adjustments  resulted  in  significantly 
higher  PBR's.  hence  improved  wave  visihilnv  on  the  S  \K 
imagery . 


focui 

Corf*»ponejing  -28.2  -18  8  -9  4  0  9  4  18.8 

Tor  9*1  Volocily 

(m.'MCl 

fig.  9.  Wave  poak-lo-baekgroiind  ratio  as  a  function  ol  a/ininih 
focus  shifts  for  line  "  pass  4  data. 
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figure  5  repiesents  a  gi.iph  ol  the  I’HK  vei'ii'  .ohiimi 
focus  setting  lor  line  “.  pass  4  data  I  Iglllc  '<  I-  a  siliui.il 
graph,  which  shows  the  relationship  ol  I’MK  to  i.mge  l.vu- 
adjustment.  I  he  data  utilized  in  this  example  is  tioiu  line  '. 
pass  2.  The  result'  of  the  a/iniutli  tocii'  shut  and  i.incc 
telerotatinn  adjustments  indicated  the  \l’l)  Id  \  band  x  \K 
imagery  was  relatively  insensitive  to  a/miuth  toe:i'  'lulls 
and  somewhat  sensitive  to  range  teletotation  adiustments 
lhis  result  is  due  to  the  high  platform  velocitv  ol  the  I  4 
aircraft  < 2 H >  m  si  In  most  case'  the  iii'ii ibuiion  ol  the  nine 
velocity  settings  versus  l’BK  ion  each  ol  the  lliiec  tvpe'  ol 
enhancement  1  gave  an  indication  as  to  which  ditection  the 
waves  were  traveling  because  the  ciiivc  w.i'  skewed  in  t Tat 
direction. 

H  Azimuth  Sin  akiiiu 

The  AIM)- Id  SAK  data  collected  ovci  both  shallow  and 
deep  w ater  show  s  numerous  hi  igfit  streaks  in  the  .dong-tiav  k 
or  azimuth  direction.  I  liese  streak'  become  longci  and  more 
apparent  as  the  range  01  incidence  angle  ills  teases.  .0  shown 
m  figure  '.  and  frequently  obliterate  the  wave  image'  in  the 
further  subswaths.  Ihey  are  apparently  related  to  the  sea 
spike'  phenomenon  noted  ill  conventional  lad.u  ohsciv.i- 
tions  of  the  ocean  at  large  incidence  angles  |/o/ic.  H~4. 
/.(  'in  mid  Olin.  I9X0|  lhese  features  appeal  moie  |  101111- 
nently  at  far  range  because  the  Bragg  scattering  background 
falls  rapidly  with  increasing  incidence  angle  while  the  return 
from  the  streaks  remains  nearly  constant.  An  analysis  ot  this 
phenomenon  is  presented  in  the  companion  paper  |/  ■ uvu 
and  Slim  liniun ,  I4N.)|.  and  the  implications  ot  this  sneaking 
for  the  wave  imaging  process  are  described  in  this  section 
and  section  4H 

I  he  effects  of  these  features  on  the  X  \K  image  speett  um  is 
to  add  a  background  component  that  has  spcdial  shape 
determined  bv  the  length,  or  resolution,  of  the  sneak'  It  the 
streaking  is  not  so  scvcie  .is  to  completely  obhletatc  the 
wave  image,  this  background  component  can  be  icmovcd  bv 
the  methods  discussed  in  the  following  section  Howcvei 
when  the  streak  lengths  become  compaiable  to  the  azimuth 
component  of  the  wavelength,  the  wave  information  is 
effectively  lost.  I  his  streaking,  along  with  the  loss  ol  azt 
ninth  resolution  of  the  wave  component  it  sell .  limits  the 
range  of  incidence  angles  over  which  wave  iniageiv  can  be 
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obtained.  as  discussed  in  section  4iS.  below  I  Ik-  iclationship 
between  the  characteristics  of  the  speaks  and  the  S  \K 
modulation  transfer  tune t ion  for  ocean  waves  is  curicntlv 
under  inv  estimation 

In  addition  to  their  negative  impact  on  the  wave  imagine 
process,  these  features  may  he  useful  indicators  ot  the  sea 
st, ite  \  comparison  of  the  trequenev  or  numhei  densu\  ot 
the  streaks  with  in  situ  mcasuicmcnls  ot  wave  breaking 
|/ oiig/n  i  ///ee/uv  unJ  Smith.  l*nO|  is  under  wav  and  will  he 
reported  in  the  near  future. 

4  SAK  vs  Is  Silt  Si’ii  ik \i  (  mu’ vkisiins 

I  his  section  of  the  paper  compares  the  SAK  derived 
spectral  estimates  with  in  situ  oceanographic  measurements 
The  surface-based  spectra  were  obtained  by  processing  data 
collected  bv  a  wave  gauge  and  current  meter  which  vveic 
operating  during  the  SAK  overflights  at  the  Nordscc  lovvei 
Recall  that  the  SAK-derived  spectra  are  in  wave  numhei 
space,  while  the  surface-based  spectra  are  given  in  frequen¬ 
cy.  Prior  to  making  any  comparisons  between  the  iwo.  one 


estimate  Ita'  t<>  be  sonveited  to  the  othci  A  domain  I  ot  tfiis 
stiivlv  the  suiface-measuted  spectial  estimates  wete  sonvett 
ed  to  wav e  numbei  space  assuming  a  dispel sion  lelalu'iisbip 
of  the  form 

i  (^_tunhk,/)  ' 

appiopiialc  toi  tntei mevliate  vv.itci  depths  wheie  '  is  the 
wave  frequence.  e  is  the  uccclciutmn  v't  gtavitv.  \  is  t fic 
wavelength.  A  is  the  wave  numbei  i’rr.M.  and  ./  i'  the  vvatet 
depth  tassumed  to  be  !<l  nn 

I  he  S \K  data  used  in  this  studv  vveic  collected  diinnc 
lines  *.  III.  and  12.  I  'hese  S \K  signal  films  vveic  opticallv 
pioccsscd  into  image  film  bv  using  the  I  RIM  Piccision 
Optical  Piocessoi  iPOI’i  I  hese  image  hints  wete  digm/ed 
with  >-m  samples  bv  the  1  KIM  Mvbnd  Image  Ptoecssmg 

I  acililv  (HII’li.  described  bv  t»v/i,  i  •n,tn  ,t  al  |l't~'l 
Digital  spectial  estimates  are  produced  from  '12  •  '12  pixel 

I I  '  •  I  '  kmi  subsets  ol  these  digital  vlat.i  Pitot  lospc>.iia 
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1  ABU  7.  SAK  Versus  Sea  Truth  (  omp.uisuns 
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generation,  these  subsets  undergo  corrections  for  slant  range 
distortion  and  to  remove  long-period  variations  of  intensity 
in  both  range  and  azimuth.  The  data  is  also  smoothed  by 
using  a  4  x  4  pixel  weighted  filter,  which  reduces  the 
coherent  speckle  found  in  the  imagery  and  also  reduces  the 
number  of  samples  by  a  factor  of  2  in  each  dimension.  Two- 
dimensional  fast  Fourier  transforms  ( FFT'si  were  performed 
on  each  256  x  256  cell  subsection  to  yield  raw  directional 
wave  number  spectra  with  a  Nyquist  wave  number  of  0.52 
m  1  The  raw  spectra  were  smoothed  b>  replacing  each 
value  with  the  average  of  the  surrounding  5  x  5  cell.  The 
approximate  number  of  degrees  of  freedom  for  the  resulting 
spectrum  is  142  [Kinsman.  1%5|.  and  the  Wi  confidence 
limits  are  r  1.5  dB  | Jenkins  and  Watts.  1  *468 ] . 

The  surface  measurements  used  for  comparison  with  the 
SAR  were  obtained  at  the  Nordsee  tower,  coincident  with 
the  SAR  flights.  T  hese  measurements  were  made  by  a  wave 
gauge  coupled  w  ith  an  electromagnetic  current  meter  so  that 
simultaneous  measurement  of  surface  elevation  and  orbital 
velocity  could  be  made  with  a  sampling  rate  of  2  Hz.  From 
these  time  series  we  were  able  to  calculate  the  variance 
spectrum  of  the  surface  waves  as  well  as  the  mean  direction 
for  128  intervals  equally  spaced  from  0  to  I  Flz,  following  the 
method  of  horn  nail  et  til.  1 1978|.  Ten  of  these  spectra  were 
averaged  to  increase  the  degrees  of  freedom  to  about  30, 

Presented  in  Table  2  is  a  comparison  of  the  dominant 
SAR-derived  (subswath  A)  and  surface-measured  spectral 
estimates  for  lines  7.  10,  and  12.  Line  12  was  flown  on 
September  27  from  0840  to  0917  (iMT.  The  surface  wind 
speed  during  this  flight  was  approximately  10  m/s.  from  a 
direction  of  290' .  The  surface-measured  wave  spectrum  had 
a  peak  frequency  of  0.141  Flz  propagating  at  IT.  which 
corresponded  to  a  fully  developed  w  ind-generated  sea.  Be¬ 
cause  of  the  recent  passage  of  a  storm,  the  difference 
between  surface  wind  and  wave  directions  during  the  flight 
was  33°,  which  results  in  a  change  of  wave  direction  w  ith 
frequency  so  that  the  higher  frequencies  become  more- 
aligned  with  the  wind  [Hassehnann  el  at..  1980:  ( innther  et 
al..  1981 1.  Lines  10  and  7  were  flown  on  September  28  from 
0938  to  1035  and  1121  to  1222  CiM  i .  respectively.  The 
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surface  conditions  during  lines  10  and  '  were  scry  similar, 
with  surface  wind  speeds  and  directions  of  '.5  and  “  2  m 
and  271E  and  280  .  respectively.  The  surface  was  e  conditions 
were  also  almost  identical,  with  each  having  a  peak  fiequen- 
cy  of  0.133  Hz  and  directions  of  133  and  135  for  lines  lOand 
7.  respectively.  This  wave  frequency  is  well  beneath  the 
Pierson-Moskowitz  frequency  for  the  prevailing  wind  speed. 
Upon  examination  of  the  surface-measured  spectrum  and 
the  wind  conditions  prior  to  the  flights,  it  was  concluded  that 
these  conditions  represent  the  typical  situation  of  a  wave 
spectrum  after  a  recent  decrease  of  the  local  wind  speed 

From  Table  2  it  appears  th.it  the  API)- to  SAR  operating  at 
MARSEN  was  able  to  detect  ocean  gravity  waves  with  an 
accuracy  of  16.6  m  in  length  and  16.8  in  direction  once  the 
mean  biases  were  removed.  Consistent  with  past  studies  the 
SAR-derived  waves  were  slightly  longer  than  the  in  situ 
measurements.  The  question  of  SAR-derived  spectral  esti¬ 
mate  accuracy  as  a  function  of  radar  look  direction  will  be 
discussed  in  more  detail  below, 

A.  Wave  Detectability  vs.  Radar  hoot.  Direction 

As  previously  mentioned,  multisided  SAR  flight  patterns 
were  flown  during  MARSEN.  An  example  vf  this  pattern  is 
shown  in  Figure  8  for  line  7.  This  figure  is  a  diagram  of  the 


Fig.  X.  SAR  eotleclion  geonu-tiv  lot  line  passes  I  '  Visa 
shown  are  the  surface  environmental  conditions  during  the  data 
collection 
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Pass  1  Pass  2  Pass  3 


Fig.  9.  Optically  processed  .A PD- 10  gravity  wave  imagery  from  subswath  A  lor  line  passes  I 

collection  geometry  for  five  passes  from  line  7.  Figure  9  and  the  range  direction  is  the  vertical  axis.  I  he  SAK-denved 

shows  imagery  for  a  section  from  each  of  these  five  passes.  dominant  wave  is  represented  ht  the  highest  contour  on 

Figure  10  presents  two-dimensional  contour  plots  of  the  these  plots. 

FFT's  produced  for  each  of  the  passes  described  in  the  Past  studies  in  SAR  imaging  of  ocean  waves  have  shown 
previous  section.  Each  contour  on  these  plots  represents  a  3-  that  range-traveling  waves  are  more  clearlv  imaged  than 

dB  (50';)  decrease  in  spectral  intensity  from  the  previous  azimuth-traveling  waves  {.Shr/nJin  <7  til..  |9"K|.  It  should  he 

one.  On  the  plots  the  azimuth  direction  is  the  horizontal  axis.  noted  that  the  waves  in  these  past  studies  consisted  of  swell. 


Pass  1  Pass  2  Pass  3 


Pass  4  Pass  5 


fig  Id  two-dimensional  contour  plots  of  the  fast  Fourier  transforms  iFFTsl  print  iced  from  the  digitized  imageiv 

show  n  in  Figure  9. 
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tf«v«  Anqle  Off  84"* 

Fig  II  SAR-derived  wavelength  estimates  iai  versus  wave 
angle  oft'  range  for  Imc^  '.  10.  and  I'  Included  on  the  plot  as  dashed 
lines  are  the  wavelength  estimates  based  on  -  ill  ace  measurements 
The  error  bars  indicate  the  accuracv  for  the  surface  measurements 
and  a  single  pass  of  SAR  data  these  error  bars  were  based  on  the 
resolution  of  the  spectra  from  both  instruments 

not  wind-generated  waves  as  were  present  at  MARSFN 
The  accuracy  of  SAR-derived  spectral  estimates  as  a  func¬ 
tion  of  the  radar  look  direction,  however,  has  not  been 
rigorously  studied.  To  address  this  question,  the  SAR- 
derived  spectral  estimates  summarized  in  lable  -  were 
plotted  versus  the  relative  look  angle  from  purely  range- 
traveling  waves,  based  on  surface  measurements  for  boih 
wavelength  and  direction.  These  plots  are  shown  in  Figures 
II  and  12.  respectively  .  Also  shown  on  the  figures  are  the 
surface-measured  waves  for  each  line.  Note  that  these  plots 


ignore  up  or  down  wave  differences  By  display  ing  the  data  in 
this  coordinate  system,  it  was  hoped  lhat  any  systematic  oi 
periodic  bias  in  the  SAR-derived  spectral  estimates  caused 
by  changing  look  direction  could  be  ascertained  I  summa¬ 
tion  of  f  igure  II  shows  that  the  wavelength  estimates  (mm 
the  SAR  appear  to  be  randomly  scattered  as  a  (unction  ol 
radar  look  direction.  With  the  exception  of  tom  points,  the 
wavelength  estimates  are  all  within  20  m  ol  the  surface 
measured  values  It  is  interesting  to  note  the  vati.ibilitv 
between  lines  1  and  III.  which  were  llown  with  neatly 
identical  geometries.  This  suggests  that  the  variability  of  the 
SAR  wavelength  estimate  at  a  given  look  direction  is  on  dis¬ 
order  of  the  variability  of  SAK-dcnted  wavelength  estimate* 
as  a  function  of  look  angle. 

Hsamination  of  Figure  12  shows  similar  results  to  I  igutc 
II.  that  is.  the  variability  between  the  SAR-derived  wave 
directions  for  lines  7  and  10  is  on  the  ordei  of  the  v.ui.ihiluv 
of  the  directional  estimates  across  the  whole  range  of  angles 
The  line  12  estimates  shown  on  f  igure  12  do  not  appeal  very 
accurate.  Three  more  range-traveling  passes  show  .i  mono 
tome  increase  in  directional  difference  to  the  surt.ice-mea 
stired  values  with  increasing  angle  oft  range,  but  the  a/i 
muth-lrav cling  pass  is  very  close  to  the  surfacc-mca*iiicd 
value 

Several  points  should  be  made  about  f  igures  II  and  12 
We  have  assumed  the  aircraft  headings,  as  recorded  in  the 
flight  log.  to  be  correct.  Fast  experience  hac  shown  ihi* 
assumption  to  be  a  possible  source  of  error;  il  that  is  true  in 
this  ease,  the  results  of  Figure  12  will  change  We  have  also 
assumed  a  constant  water  depth  of  VI  m.  if  not  valid,  t hi* 
assumption  would  alter  the  surface-derived  values  in  I  igurc 
II  as  a  function  of  pass  location  f  i .  e  .  water  depthi  finally, 
we  have  based  this  analysis  on  a  limited  set  of  passes  with 
somewhat  random  look  angles  with  respect  to  wave  propaga¬ 
tion  direction.  To  adequately  perform  t hi*  sort  of  analyst*, 
wave  imagery  should  be  available  with  Iff  interval*  from 
purely  range-traveling  to  purely  azimuth-traveling  wave*. 


W«ve  Angle  Off  Htngi 

Fig.  12.  SAR-derived  directional  estimates  versus  wave  ;mglc  ofl  range  I  nr  lines  HV  .md  12  Included  on  the 
plot  as  dashed  lines  are  the  directional  estimates  based  on  surface  measurements  I  he  emu  bars  indicate  the  dit optional 
spread  of  the  surface  measurements  and  the  average  ^-dB  contour  ssidth  ol  the  SAR-demed  spcvtia 
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LINE  7 

fig  I'  Wave  peak  to-backgioimd  mini  m-i mis  mil.n  look  Ui 
rectum  tor  line  posses  Rctei  to  t  -igiirc  H  tin  the  collcslion 
geometry  ansi  I  igu i c  4  toi  lepiescni.mve  imagcrv  horn  cash  pass 

Ideally .  this  data  would  he  gathered  met  a  lull  3htl  I  his 
type  ot  data  set  Mould  he  useful  in  evaluating  and  developing 
SAK  wave  imaging  theories  Keeenl  examination  ot  Marine- 
land  SAK  data,  where  more  data  points  vvete  available  than 
MARSI-N.  shows  that  a/imulh-lravelmg  waves  are  consis¬ 
tently  imaged  .is  being  longer  than  range-traveling  waves 
|  .S  luti  Inn  mi  cl  ul..  I  A 1 . 

The  sensitiv  ily  of  wav e  visibility  with  respect  to  radar  look 
direction  was  ev  aluated  by  using  the  I’ltK  method  described 
in  section  3  \  The  PHK's  from  the  enhancement  tests 
consistently  showed  highest  wave  contrast  resulting  from 
SAK  images  of  range-traveling  waves  and  lower  values 
resulting  from  azimuth  waves.  It  has  been  previously  report¬ 
ed  \Tflcki  ft  ul..  197X1  that  SAR's.  particularly  when  operat¬ 
ing  at  /.  hand,  will  image  range-traveling  waves  more  clearly 
than  a/imuth  waves.  Using  line  7  data.  I’HR  measurements 
were  obtained  from  subswath  A  in  the  same  general  location 
around  the  Nordsee  lower  for  each  of  the  tive  passes. 
Figure  13  shows  a  graph  of  the  I’HK  value  obtained  versus 
the  orientation  of  the  waves  with  respect  to  the  radar  look 
direction  (see  Figure  X  for  the  collection  geometry  i.  Note 
that  two  curves  are  presented  on  the  graph:  one  indicates 
PBR  versus  the  sea  truth  direction,  while  the  other  is  PliK 
versus  the  radar-derived  value.  A  zero-degree  value  on  the 
graph  indicates  n/imuth-traveiing  waves.  Analysis  of  Figure 
13  indicates  that  ( I )  SAK  images  range-traveling  waves  more 
clearly  than  a/imuth-traveling  waves.  (2l  SAK  images  waves 
more  clearly  when  they  are  moving  toward  the  SAK  than 
when  they  are  moving  away  from  the  SAK  0  e..  pass  I 
versus  5  or  2  versus  3).  and  (3)  the  API)- 10  X  band  SAK 
imaged  grav  ity  w  aves  during  line  7.  regardless  of  radar  look 
direction. 

H.  VVui  r  Dflet  lability  r.v.  bn  itlcm  <■  Annie 

I  he  effect  of  vary  ing  incidence  tingle  on  the  detection  ol 
gravity  waves  was  also  evaluated  by  using  this  API)- It)  data 
set.  Recall  that  the  APD-10  system  collects  an  IX.s-km 
swath  in  four  subswaths  where  the  incidence  angle  varies 
from  43  to  X2  .  Figure  14  shows  contour  plots  of  I  I  I  s 
obtained  from  each  of  the  four  stihswaths  for  pass  3  from  line 
12.  The  corresponding  imagery  was  previously  shown  as 
Figure  7.  It  is  apparent  that  tin  a/imuth-orienlcd  artifact 
becomes  more  pronounced  as  the  incidence  angle  or  range  to 
the  ocean  surface  increases  tie.,  from  subswath  A  to 
subswath  l)t.  In  fact  the  spectra  in  swaths  (  and  I)  are 


completely  dominated  by  this  artifact.  Over  this  same  Intel 
vat.  the  gravity  waves  of  interest  become  less  visible,  and 
the  a/imuth-onented  streaks  can  lead  to  a  peiccived  range 
traveling  wave.  Thus,  because  of  these  streaks  on  the 
MARSFN  API)  10  imagery  and  the  relative  lading  tde 
creased  contrast  l  of  imaged  gravity  waves  with  range,  accu¬ 
rate  wave  estimates  can  only  be  extracted  fiom  subswath  \ 

(  Moiliilnlion  I nimh  r  l  inn  lien 

As  part  ol  the  MARSI.N  data  analysis  an  attempt  was 
made  to  establish  an  expenniental  relationship  between  the 
variance  spectrum  of  the  radar  image  Si 4 1  and  the  wave 
height  spectrum  33iAl.  I  Ins  relationship  is  most  likely  nonlin¬ 
ear.  in  the  s.  use  that  it  is  dependent  on  ihc  total  shape  ol 
33(A)  instead  ol  the  value  at  one  single  A  value  However,  il 
may  he  possible  to  describe  the  spectral  shape  by  a  small  s el 
ol  characteristic  properties  (lot  xaniple.  the  averaged  lie- 
quency .  direction,  and  spectral  width  I  and  use  these  as 
parameters  in  the  mathematical  desetiption  of  the  mapping 
from  ItiAl  into  SiAi  or  vice  versa 

I  he  spectrum  of  the  SAK  ullage  includes  both  the  desired 
wave  inhumation  as  well  as  contributions  caused  by  SAK 
system  noise,  speckle  effects,  and  imaged  poult  seatterers 
J  bus.  in  order  to  provide  a  more  meaningful  compaiison 
with  in  sii ii  measured  wave  height  spectra,  the  SAK  image 
spectra  were  partially  corrected  by  subtracting  off  the  com¬ 
ponents  caused  bv  speckle,  system  noise,  and  imaged  point 
seatterers.  The  sum  of  these  three  components  was  estimat¬ 
ed  bv  examining  the  spectrum  in  the  wave  number  quadrant' 
not  containing  the  dominant  wave  and  by  assuming  symme¬ 
try  in  the  background  spectrum  with  respect  to  the  A,  anil  A 
axes.  I  hat  is.  the  corrected  image  spectrum  is  given  by 

SiA,.  A  i  /„, iA,,  A  t  -  /,,( A  .  A  I  (4i 

where  /,„( A,.  A  i  is  the  ( total i  measured  spectrum,  and  /,  iA  . 
A. )  is  the  background  spectrum  estimated  from  /,„<  A  .  A  i  or 


Sub-Swath  r  ^  Suh- Swats  7! 


n  1  Mo-dimcnsion,d  lonlom  plots  ol  the  List  I  otmci 
transforms  <H  I  s»  produced  for  .<11  four  sjjhsw.uhs  from  I  me  IT 
1  ditl.t  Refer  u>  f  igure  ""  toi  the  oMiesporulinc  opt i*. .ill s 
proeessed  integers 


H-10 


SiHiinnN  ii  m  MARSES  A  Hvso  SAK  Dm 


Fig.  15  One-dimensional  modulation  transfer  function  <w  i  as  a 
function  of  wave  number  for  a  nearlv  azimuth-traveling  and  a  nearlv 
range-traveling  wave 


/m(A,.  -A,).  This  corrected  spectrum  may  he  written  in  polar 
form  (i.e..  Si  A.  Hi)  and  then  converted  into  a  one-dimensional 
spectrum 


-VIA)  =  A  Sik.mjH 

In 

using  the  coordinate  transformation 

A  -  (A,"  -  A,:l': 


and 


H  -  tan  '  (A,  A,! 
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height  spectrum  instead  of  a  monochromatic  wave,  the 
modulation  transfer  function  describes  the  relationship  be¬ 
tween  the  w  ave  height  spectrum  and  the  signal  sped  rum 
measured  by  a  radar.  According  to  Alpers  er  id  1 19X1 1.  the 
ratio  of  the  SAR  image  spectrum  ,VA..  A  i  to  the  wave  height 
spectrum  W(A,.  A  I  is  equal  to  the  square  of  the  modulation 
transfer  function,  i.e.. 


Si  A  .  A  i 
WtA  .  A  i 


1 1  I  i 


where  R  includes  a  velocity  hunching  component  that  is 
assumed  to  he  linear.  However,  in  his  Monte  Carlo  modeling 
work.  W.  Alpers  (personal  communication.  I9X2i  appears  to 
use  a  different  definition  for  the  modulation  transfer  function 
and  refers  to  the  quantity  R  defined  by  1 1 1 1  as  a  ’spectral 
mapping  function. ' 

For  the  comparisons  presented  in  this  paper  the  defini¬ 
tions  represented  by  ( Id)  and  ill)  arc  combined  to  y  icld  the 
one-dimensional  modulation  transfer  function 

I  .Si A )  ; 

in - : -  1 1 2 1 

A/  II  (A  i 

where  /  is  the  mean  signal  intensity  This  function  is  plotted 
versus  wave  number  in  Figure  15  lor  two  cases,  including  a 
nearlv  a/imuth-traveling  wave  and  a  nearlv  range-traveling 
case.  Note  that  the  modulation  transfer  function  is  smaller 
and  falls  off  more  rapidly  with  A  for  the  a/imuth-trav cling 
wave  lhan  for  the  range-traveling  wave  Ihis  is  a  direct 
consequence  of  the  lower  inherent  modulation  for  a/inuith- 
traveling  waves  and  the  degraded  resolution  in  the  azimuth 
direction  as  a  result  of  motion  effects,  and  it  agree',  at  least 
qualitatively,  with  theoretical  prediction. 


and  this  quantity  was  then  compared  with  the  in  situ 
measured  wave  height  spectrum  VViAl  bv  calculating  the 
modulation  transfer  function. 

The  terms  modulation  transfer  function,  mapping  trans¬ 
fer  function,'  and  just  transfer  function'  are  used  somewhat 
ambiguously  in  the  radio-oceanographic  literature  to  denote 
the  relationship  between  the  ocean  wave  information  mea¬ 
sured  by  a  radar  and  the  physical  surface  descriptions 
usually  measured  by  conventional  in  situ  instruments. 

In  the  linear  modulation  theory  developed  by  Ki  ller  and 
Wright  (1975]  and  Alpers  mid  Hassehnmm  [I97S|.  the  radar 
return  for  a  monochromatic  ocean  wave  is  written  as 


or 


m  l  o 

- cos  (Sit  -  tf>) 

( 


(XI 


/’  =  /'ill  ‘  KcnCOs  nil  -  ,.M]  19) 

where  m  is  the  modulation  transfer  function  defined  by 
Keller  and  Wright.  R  is  the  modulation  transfer  function 
defined  by  Alpers  and  Hasselmann.  is  the  mavimum 
orbital  velocity  of  the  wave,  (  is  the  phase  velocity .  SI  is  the 
angular  frequency,  and  C„  is  the  amplitude  of  the  wave. 
Thus,  these  two  modulation  transfer  functions  arc  related  b\ 

m  -  l  R  Ai  i  Id) 


where  A  is  the  wave  number  of  the  wave 
When  the  sea  surface  is  described  in  terms  of  a  wave 


5.  Simmvkv 

This  analysis  has  indicated  that  the  Af’D-IO  SAK  system 
imaged  the  dominant  gravity  wave  component  present  din¬ 
ing  the  MARSEN  experiment,  although  only  the  first,  or 
near-range,  stthswath  of  the  API)- 10  system  produces  reli¬ 
able  wave  estimates.  Dominant  wavelength  and  dircction.il 
information  was  obtainable  independent  of  the  radar  look 
direction,  although  range-traveling  waves  are  more  clearlv 
visible  on  the  imagery  than  azimuth-traveling  waves,  based 
on  the  wave  contrast  criteria  used  in  this  study 

The  MARSEN  A  band  SAR  data  set.  although  limited, 
offers  a  unique  opportunity  to  study  the  effect  of  radar  look 
direction  on  the  detectability  of  wind-generated  waves  and 
the  accuracy  of  the  SAR-derived  wavelength  and  direction 
Past  studies  in  SAR  imaging  of  ocean  waves,  such  .t' 
Manneland  \Shenulm  el  nl..  I9"’S|.  (iOASI.X  |  fi< /«.-<//< .-  ii 
id  .  1979]  and  EASIN'  [loot  Av  el  nl..  I  vx:|.  have  generally 
shown  that  dominant  range-traveling  swell  is  more  frequent¬ 
ly  imaged  than  azimuth-traveling  swell  and  ihat  the  dominant 
gravity  wavelength  and  direction  is  more  accurately  estimat¬ 
ed  for  range-traveling  lhan  azimuth-traveling  waves  Out 
MARSEN  A'  band  analy  sis  has  indicated  that  the  accuracy  ol 
SAR-derived  dominant  wavelength  and  directional  estimates 
is  independent  of  radar  look  direction,  although  range- 
traveling  waves  have  higher  peak-to-background  ratios  than 
azimuth-traveling  waves.  This  is  probably  because  A  band 
SAR  data  collected  bv  a  hiuher-vclocitv  aircraft  was  used  at 
MARSEN  than  at  previous  experiments,  thus  minimizing 
motion  effects  However,  the  re.idei  is  cautioned  to  note 
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differences  in  env nun  mental  conditions  as  well  as  SAK 
system  parameters  used  in  these  experiments 
The  analysis  has  also  indicated  that  the  API)- It)  system  is 
relatively  insensitive  to  wave  image  enhancements  per¬ 
formed  during  the  SAK  processing  The  enhancement  ad¬ 
justments.  which  are  inversely  proportional  to  the  SAK 
platform  velocity .  compensate  lor  motion  of  the  ocean 
waves  during  the  SAK  observation  time  Although  SAK  data 
from  the  APD-IO  system  is  insensitive  to  the  wave  motion 
correction  algorithms,  numerous  motion  artifacts  are  visible 
on  the  data.  These  artifacts,  which  appear  as  a/imuth- 
oriented  s*.;eak$  on  the  imagery .  are  more  pronounced  in  the 
far  subswaths.  They  appear  to  be  caused  by  velocity  varia¬ 
tions  (or  coherence  timel  of  the  ocean  scatterers.  One 
possible  source  for  these  image  artifacts  is  breaking  waves. 

The  extraction  of  information  on  the  wave  height  spec¬ 
trum  from  the  SAR  image  has  also  been  investigated.  The 
shape  of  the  SAR-derived  spectrum  of  the  wave  held  is 
different  from  the  shape  of  the  wave  spectrum  obtained  from 
surface  measurements.  A  transfer  function  to  relate  SAR- 
derived  spectra  to  in  situ  measurements  has  been  developed. 
The  transfer  function  is  smaller  for  a/imuth-traveling  waves 
than  for  range-traveling  waves,  and  it  falls  off'  more  rapidly 
with  wave  number  for  the  azimuth-traveling  wave  This  is  a 
consequence  of  the  smaller  inherent  modulation  for  a/imuth- 
traveling  waves  and  the  degraded  resolution  in  the  azimuth 
direction  as  a  result  of  motion  effects,  and  it  agrees,  at  least 
qualitatively,  with  theoretical  predictions. 
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utilises  the  prase  o'  the  r\*nc  .oro  *•»  -»rr 
high  resolution  m  *np  direction  »o  *»p 

'light  path.  i.e.  tO  ror"er»'y  ’.'ra*.*  ‘  -o  'r*g'.n 
o'  j  ecn<?.  ^otftjn  roe  irppn  ?.,r#*ce  'a'* 

cause  echo  energy  to  he  misplace-*  "  *re  ■•’mo**. 
*his  displacement  'S  illustrated  *n  ?ig.  4  -"pro  j 

moving  ship  is  displaced  *rm  «t<  *a*e.  ?cat-a' 
modulation  of  Surface  rouC^neSS  3rr  mr>t '  'n  'C'.-n; 
rise  to  Peppier  shi'rs)  pr-cucps  v,p  "r -s' 
ocean  surface  features  m  sis  imagery.  3h,1‘’"s 
4'  describes  a  rumepr  gr”  -ays  **i  -h’en  *'rd.  wav® 
jr»d  current  van  a*  ions  can  mrCu'ite  ipci''-ter 
scale  surface  ',»vjt*"®ss. 

?.  j3AVpv  vivE  'B<£R .Ar !  '*JS 
2 . 1  wave  VisiV'it..  •*»  $AR  Iragps 

4 'though  gravity  waves  of  length  *•  ?o  *  c 

n  jre  often  seer  t  car  ’:naoery.  w<  ‘me  v*at 

waves  observed  "y  surface  buoys  ire  not  a '  *  3  v  s 
v’Sihle.  In  cjr  study  -e  nave  used  rn’y  Tracery 
Optica’1*  processed  at  Jet  ^rocu’s’on  Lihori*ory 
‘‘J?t '  and  tirviroffrercdf  9efed'“on  .’'’St'tvte  ?f 
Michigan  EnIM'.  Study  of  JAS!*i  data  indicates 
three  :riter*a  are  ‘moortant  *n  le'e^ri’n^nq  «ave 
visibility  wave  "e’err.  SA3  r^soiut’nn  and  «i»(i 
velocity.  Alpers.  -css  and  9u'e«ach  f5’  point  ou' 
that  tne  nrciita1  velocities  assoca'ed  wi*h  Sur¬ 
face  waves  produce  3  S^earirc  p,*ect  OP  <43 
"'a'B'v  ,ncreas,rc  '*®so1Jt*on  ce1 '  si:®  psnecia’ty 
a'png  v,e  aj’-uth  Pmcvcn.  'paral’e-  to  -re  ^ao 
'l*ght  path..  in  expression  'nr  fnp  regraded 
-o$0 "  jt 1  rn  ce  •  ’  ’enr.th  ”.y#  d'tJfKT  ?>  JP**(/tr 
direct' on  ’  S  even  in  5e*.  6.  Vnowmg  '.y*  and  »np 
Ocean  -ave'.ergtn  along  the  az:<*utn  direction  *%/  * 
•’./cos  ?.  tnp  nijmher  of  samples  per  wavelength'  n 
jinng  the  azimuth  direction  can  pe  calculated. 
upr®  ;  the  angle  between  the  spacecraft^  veloc- 
’ ty  vector  V  and  the  ocean  wave  vector  *.  ’he 
^yguiSt  sampHno  criterion  demands  n  »  2  ’n  order 
‘.hat  the  waves  oe  aceauateiy  sampled.  Jair  '5- 
anc  .esecky  et  al.  '.*)  nave  developed  wavp  visi- 
P’l’ty  cr* terTa  *aTor<j  these  lines.  Because  "f  tnp 
,'01es  pi av®d  Cy  -a vphe i on*  and /or  sloop  m  wave 
•macino  -ecnar • s^s  one  expects  wave  v»si- 

v,l,ty  to  neemase  with  dec',eas*ng  s»gri^can‘ 

«av®nPv -hf  w.  n  and  •-deed  -e  '^nd  waves  are 
seldom  •maced*  ^or  i  *4  n.  Spplyinq  thpse  two 

criteria  "  .  L  2  a-d’*-".  i  1  -  ‘.g  *ne  ,/A^I*’  data 
SP*  *f>  *rf.«c  -r’y  gnp  case  0*t  n(  '5  in  wmc" 
tnese  cr’^er’a  ■4’.1  -ot  wprx  .-nine  rases  -nprp 

-avPS  .p^s  v^Sid’e  • "  SAP  ‘maces  and  s-*  ^rpn 

wav»S  -°re  "Ct  dOSP-ved  • -  <40  ’“aCwS.  A* ’  OCPan 

wavp  -•*ta  Wpre  Taw''  n(Jn v  ''PaSjrerrpr.'  ^ . 

S  1  -c e  wmg  •" i  ’ s p s  ‘re  35  •:-  *cean  wavps  wnign 
*Ke  -acar  senses.  rtne  etpeCtS  '■edjCed  wave  •/ 1 S  *  * 
nt,-tv  at  1  dw  «,'*d  sr^e^S.  "*  i,  r  ’  n  ,j  T-p  '."ASfiT. 

»ippr,pp»’*  «avPS  — p  '■»'  detect  4h*e  rypr  a 
nr>  •:*  »i"(*  SCPP^S  ■*  •rim  1.-  *0  15.?  ”  S  Wr  o 

'gr  /••rg  spears  :f  *--fr  c.5  r2  .?.#  „a ,ps 

nnr  lP*eC‘er.  !t  ’  S  fjS  jrC1rort  *  "at  wind  spppg 

was  a  'actor  ?n®  Sr  S-.._'Ar«»-  pxppr  ■ . 

mprt  -a’"';/  te*.auS»  w'"»1  srpar'^  «e  rp  a’wavs  above 


2  . ^  .gm^a r i  sr-x  ■  ’  c  A3  *.-,t  ’  -a*es  rf  *a 

^  T^ac^er  •  s  t^V  " 

’’.3.1  «a.°  Mea S  < re"*en t  wp*rrj.  >p  *a ve  ,"e»S'..r 

•nprtS  fr_m  4P  •nag.*-/  -.adp  -pop  ar?  based  rr 
i'rn'o  as  si/mr*  '  rr  .  to  W’t.  *nat  *’ uCtua?  ‘  **ns 
S40  ••'ace  •nters,*v  J'x.v'  arp  g  report  i  gra1 


'  -  •  s  r.'.-r-r  • ‘o 


S-;«;arp<*  gr  *n 


wa . p  -rotn  an-  s  d’ -J 
i  ’  »  jS  -.a  1 1  v  1e  Z  r  pox  r 
As  * i ' '  become  "'ear  -e 


-O'jr’e-  •  ra  "S  *r.nmp-. 

wave' erg?  “  J"  t  Vri>f'/  - )'  “«  -a  CP 

C  ;  .  »r-  *■  n •  "  n C  •  AC  }*  ’  nr  -  * 

^"■or  •.  ard  —  *  r  p  r.  t  '  r  r  .  ’ '  o  ^ 

tan  •'p  '•oxn’-.p*’  fv  SCpC*a’  '-r  .ss'-f 
tur^o  -ip  ccfca*  •-.igi'-c  rr^:e$>. 
a’.  ’’  rr*e  *,'a’  "ea*  s*i-a  t 

’rat'd  *c '*•’  »••  rOur'er  -'■a-s'1 

•-’ace  >s  c.nv-e ’  a^pg  -  »  ”'.3 
wavpnp’Crt  w.  -.  Ap»»  c  *.  -S  pc-'-.p 
Tv  rnt'^d  fr<J  ’pvp’  -eg'rrs  ' r  : 

'<  ”1.1 5  "  ’  *  '  ard  .Pr/  -  ’  v»  v  r. 

-■.roe'-s  JrC  ave-ac  nn  *-r 

"ac»  :rr-jnd  "O'Se  'eve*.  W'tr  -  *■ '  S  “• 
rir^rarl  V  he  measured  to  j 3 , 4  ”  ^S’-d 


2.2.2  :Ag  and  ^  •  j  r>  tsv-ates  _o ' r  J  zi "  *  " 
’.>r<:th  and  K  ’’  roc  !  1  on  .  i  '  oVen  PS  t  *  “-at  PS  “  • 
surfac®  hudvs  dur’-o  tnp  .'i'ijs  jirHr,rpr 

•rr.mcared.  Thp  avprac*=  listanrp  >%pp'  *-® 
nt  *.wp  sap  i trace  and  the  h'.-v  w»s  -  -- 
rargp  n*  "  tO  ;A6  *m.  ‘Hp  average  ;p rr^r* 
ence  ' n  wavpiergr.n  was  In®,  wtr-  a 
o'  "AP  estimates  ‘rwara  ’rnger  -^“’p" 
ahrijt  l^T.  ci«  5AP  an.;  t^ov  p<*-~a'ex  '•  - 


wave  d*rpr**gr  we-p  rr'ii^rp'*  w-*r  ar  a.°ri 

wp>  p  gniy  jp-rc  * ‘-a  t «  "ue  *'  *'*rass  rr" 

we  pxc’ude  •los8  *wr.  arrrd * ' -a' ®  ps*'-1' 

average  or-or  was  mly  -  .  '^•■p  was 
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